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Abstract. In preparation of a study of the Hen/Hi ratio towards the bright QSO HS 1700+6416, we predict the metal line 
content of the far-UV spectral range by modelling 1 8 metal absorption line systems with redshifts 0.2 < z < 2.6 identified in the 
spectrum of this quasar. For that purpose, we investigate the spectral energy distribution of the metagalactic ionizing radiation 
field. Simple photoionization models based on 8 different shapes of the ionizing background are tested for each system. The 
adopted energy distributions comprise the Haardt & Madau (2001, HM) model of metagalactic UV background as well as 
typical spectra of AGN and starburst galaxies. The models are evaluated and the favoured one is estimated. We find that the 
majority of the considered systems is best reproduced with a HM-like ionizing radiation, where the He n break, formally located 
at 4 Ryd, is shifted to lower energies (~ 3 Ryd), probably due to the opacity of the higher He n Lyman series lines. The remaining 
systems can be reasonably described with models based on the unmodified HM background or the spectra of AGN or starburst 
galaxies. This finding supports the idea that the UV background is spatially variable due to both IGM opacity variations and 
to local sources. In comparison to an unmodified HM background, the resulting ionizing spectrum leads to carbon abundances 
lower by ~ 0.5 dex. Furthermore, if the ionizing radiation field as determined from metal line systems was typical for the IGM, 
the expected Hen/Hi ratio would be 150 to 190. 
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^ . 1. Introduction are fo und by iBoksenberg et alJ J2003h and iLevshakoy et alJ 

( 2003), supported by recent theoretical work of ISchavd J2004I) 

C$ ■ Observations with the Far UV Spectroscopic Explorer (FUSE) and Miralda . Escudd , 2005) . 

for the first time resolved the Hen Lya forest (Aq = 

303.7822 A ) towar ds two lin es of sight, HE 2347-4342 PoSSlble S0UrceS affeCtln S the lonlzatlon conditions of m- 

( Kriss et all Eool Ishull et alJ Eool gheng et al] HqI and ter S alactlc absorbers are q uasars alon 8 the llne of S1 8 ht of the 

uc 1 inn . ^77TTD^~^^^H^nnA /- * *u tj background QSOs as well as star-forming galaxies. Searches 

HS 1700+6416 (Reimers et al. 2004). Comparison to the Hi r , . , . , ,. ,., , , ^ , 

j r , , r i j j for galaxies close to the sight lines of background quasars find 

Lya forest revealed sttong variations of the Hen/Hi ratio. ° ° , 

„. tt/ttj i i_ r^u i • a correlation between the Lya forest and the galaxy density in 

Since Hen/Hi depends on the shape of the ionizing radia- J i m n i J J 

, a . . , . ,,,,, , • the low redshift universe (e.g. Bowen et al. 2002) as well as at 



tion, a sttongly fluctuating metagalactic UV background is im- j II f 

,. , ™ . , , j ■ i v j t . ii high redshifts (Adelberger et al. 2003). The authors conclude 

plied. The radiation background is believed to be generated by ° — * 

,. „ j .11 , £ that both classes of objects ttace the same large scale structure, 

the light of quasars and stellar sources such as star-forming . . . , J , , . ° 

. . i . • . ,,, . , . The vicinity of an absorber to a galaxy is supposed to make the 

galaxies reprocessed in the clumpy matter of the intergalactic J o j rr 

medium (IGM; e .gjHaardt & Madau 1996; Fardal et alfet ^ s radiation dominate over the general UV background, 

Haardt & Madau 2001). Due to the evolution of the sources, f leaSt lf ±ei f ^.f°^ h P hot ^ es P a P ln g from the S alax y 

1 : Jl, ft t f t - fBianchi et al. 2001; Steidel et al. 200J. 

cosmic expansion, and the process of structure formation, even ""' r 

the UV background evolves with redshift. Deviations from the Q SOs close t0 the line of si 8 ht are expected to produce 

mean metagalactic background may also be due to the spatial a transverse proximity effect resulting in a reduction in the 

vicinity of local sources. Observational hints for such effects strength of the Lya forest absorption due to the hard radia- 

tion of the QSO llBaitlik et al.ll988l) . This effect has been mea- 
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(e.g. IScottetalJbOOOl) but except in the quasar Q 0302-003 
JPobrzvcki & Bechtoldlll99ll Ijakobsen et alJl2003l) no trans- 
verse proximity e ffect could be detected so far JSchirber et alJ 
200-4 Icrof3l200 4l. The authors argue about an increase of the 
gas density in the vicinity of QSOs , anisotropy of the QSO 
emission, and time variability in order to explain the absence 
of the proximity effect. 

In this paper, we present a study of the rich metal 
line spectrum of the QSO HS 1700+6416 (z = 2.73, 
a(2000.0) = 17 h 01 m 00 s .6, 5(2000.0) = +61°12'09"). This 
object is exceptionally bright in the optical (V = 16.1). 
Although it provides 7 optical thin Lyman limit systems 
(LLS) along the line of sight and is variable in the UV 



(Reimersetal. 2005a), HS 1700+641 6 is one of the few 



quasars, where He n is observable dDavidsen et alJ 1 1996 
iReimers et afll2004 . Due to its brightness, HS 1700+6416 
has been addressed in several analyses dealing with metal 



1995| iKohler etal] 


1996; 


Petitiean etalJ 


119961 iTrinnetalJ 


1997; ISimcoe et alJ 


2002, 2006), and due to its rich metal 



line spectrum, it has been target of deep direct observations 
in several spectral ranges aiming to id entify objects which 
give rise to the Ly man limit absorption (Reimers et al. 1995, 
ll997tlTer,litz et alJll998HF.rb et al.l2003UShanlev et al 12005). 
Our main objective is to predict the metal line content of the 
FUSE spectral range in the spectrum of this quasar, which 
will be considered in the analysis of the He n Lya forest to- 
wards this quasar. Since the available He n data is rather noisy 
(S IN ~ 5 - 7), the identification of narrow absorption fea- 
tures due to transitions of metal ions is nearly impossible. 
Nevertheless, simple tests with simulated data indicate that the 
presence of unrecogniz ed metal line a bsorption may bias the 
derived He n/H i ratio JFechner & Reimersll2004l) . Thus, an in- 
vestigation of the metal line content in the corresponding spec- 
tral region (1000 - 11 80 A) will improve the analysis of the 
He n forest. 

In order to model metal absorption line systems, photoion- 
ization calculations are performed. One basic assumption con- 
cerns the shape of the ionizing energy distribution. We use the 
modelling procedure to study the potential and restrictions of 
observed metal absorption systems with the aim to constrain 
the shape of the UV ionizing background. Because of the nu- 
merous metal line systems in the spectrum and the many obser- 
vations already made, HS 1700+6416 is highly eligible for this 
task. As a first step, we compute simple photoionization mod- 
els based on different ionizing radiation backgrounds for each 
system. The resulting models are compared to the observed fea- 
tures and checked for the plausibility of the model parameters, 
deciding which one of the presumed energy distributions leads 
to the best description of the system. 

Having presented the observations in Sect. |2] we describe 
the modelling procedure and its limitations in Sect.|3]and|4] The 
observed systems are outlined individually in Sect.[5]also pre- 
senting the models. The results from the analysis of the whole 
sample and their implications are discussed in Sect. [6] Finally, 
the prediction for the metal lines in the FUSE spectral range is 
presented. 



2. Observations 

The optical data have been taken with the HIRES spectrograph 
at the Ke ck telescope. W e ha ve got two datasets a lready pub- 
lished bv lSongailalJl998l) and lSimcoe et al.ld2002l) . These two 
datasets are co-added resulting in a spectrum with a total ex- 
posure time of 84200 s and a signal-to-noise of S /N ~ 100 at 
4000 A. The co-added spectrum covers the wavelength range 
3680 - 5880A with a resolution of R ~ 38 000. The wave- 
length coverage of the lSimcoe et alJ J2002) data goes down to 
~ 3220 A with decreasing S /N and reaches upto ~ 6140 A. To 
identify and model the metal line systems, we use the whole 
wavelength range. 

The UV data are taken from the Hubble archive. 
HS 1700+6416 was observed with STIS using the Echelle 
E140M grating (R ~ 45 800) in 1998 July 23 - 25. The data 
cover the wavelength range 1 142 - 1710 A. The exposure time 
of ~ 76 500 s leads to a poor signal-to-noise of ~ 3. Therefore, 
we only use the best portion of the spectrum (1230 - 1550 A). 
Due to its rather limited quality, the STIS spectrum is used pre- 
dominately for consistency checks. Nevertheless, in case of the 
low redshift systems (z < 1), the vast majority of the absorp- 
tion lines is located in the UV, and a more quantitative way to 
consider the corresponding transitions is necessary. Therefore, 
the data are smoothe d applying a Savitzky-Golay filter (see 
e.g. lPress etaDll994 p. 650) and fitted as described below. 
However, we avoid to use the derived numbers, if possible. 

The wavelength scales of the optical and the UV data have 
been checked to be well aligned. Interstellar absorption of Na i 
is detected in the optical at v = (-35.0 + 0.1)kms -1 , in good 
agreement with interstellar absorption of S n, O i, Si n, and Fe n 
measured in the UV. 

The HST archive contains further UV data taken with 
the instruments FOS and GH RS, respectively, presented 
by IVogel & Reimersl i 19951) and iKohler et alJ Jl996l) . These 
datasets are in general less noisy (S /N > 10) but since they 
have only medium resolution {R » 1300 and slightly higher), 
we reject them for this analysis, except for using the optical 
depths of the LLS. 

All metal line systems have been identified by looking for 
features like the doublets of Civ and/or Mgn in the optical 
and then searching for further transitions expected t o aris e 
in the optical and UV from the list of IVerner et alJ (1994). 



in former work (IVogel & Reimersl Il995 


. Kohleretal. 


1996; 


Petitiean et al. 


1996: iTriDn et alJ 11997: 


Simcoe et alJ 


2002). 



The line parameters of the absorption features are estimated us- 
ing the line fitting program CANDALF developed by R. Baade, 
which performs simultaneously a Doppler profile line fit and 
the continuum normalization. The derived column densities are 
given in TablesEJEHU and|5] 

3. Modelling procedure 

In analyzing the ob served system s we use the photoioniza- 
tion code CLOUDY jFerlandll997l) . In order to investigate the 
shape of the ionizing radiation, eight different energy di stribu- 
tions are considered, among them the Haardt & Madau (2001) 
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Fig. 1. The shapes of the ionizing radiation used for the pre- 
sented inv estigation. The upper p anel shows the UV back- 
ground of Haardt & Madau (2001) at z ~ 2 and the consid- 
ered modifications with the 4 Ryd break shifted to 3.0 and 
2.0 Ryd, respectively (solid lines). The dashed line represents 
the modification, where the low energy part (< 1 Ryd) is scaled 
by a factor 0. 1 . The lower p anel presents the energy dis tribu- 
tions for a starburst ga laxy ([Bruzual A. & Charloll993l short 
dashed line), an AGN (Mathews & Ferland[1983dot-dashed), 
and power laws with a = -1.5 (dotted) and a = -0.5 (long 
dashed), respectively. The lHaardt & Madau I J200 lh background 
at z ~ 2 (solid line) is also given for a better orientation. 



background (HM) at the appropriate redshift. Compared to the 
classical Haardt & Madau ( 1996) radiation field the new ver- 
sion includes contributions of galaxies. We use a model where 
the escape fraction of Lyman limit photons from a galaxy is 
/esc = 0.1. In addition, we use 3 different types of modified 
HM continua. One possible modification is a shift of the break 
at 4 Ryd to lower energies. The filtered radiation might change 
this way, if absorption by the He n Lyman series becomes im- 
portant in addition to the Hen continuum at redshifts below 3. 
We create modified Haardt-Madau energy distributions, shift- 
ing the 4 Ryd break to 3.0 (HM3) and 2.0 Ryd (HM2), respec- 
tively. In a third modification, the plateau at energies < 1 Ryd 
is scaled with the factor 0. 1 (HMsO.l). Since at these low ener- 
gies the background is dominated by the radiation of galaxies, 
a lower flux level mimics roughly a reduction of the fraction of 
the galaxy radiation. All Haardt-Madau type spectra are shown 
in the upper panel of Fig.^at a redshift z ~ 2. 



Furthermore, typical spectral energy distributions of galax- 
ies and quasars are used in order to examine the possible 
presence of local sources dominating the ionizing radiation. 
Actually, the energy distribution of a local source and the gen- 
eral back ground should be merge d to present a more realis- 
tic model ( Boksen berg et al J2003I) . Here, we start with the ex- 
treme assumption that the absorber is solely illuminated by the 
local source. A model starburst galaxy with a constant star- 
forma tion rate after 0.001 Gyr given by Bruzu alA. & Charlotl 
( 19931 SB) is adopted as a pure galaxy spec trum. The en- 
ergy distribution of an AGN is taken from Mat hews & Ferlandi 
( 1987, MF) as it is implemented in CLOUDY. For comparison 
pure power law models f v oc v a with a - -1.5 (PL15) and 
-0.5 (PL05), respectively, are adopted as well. 

For each of the considered ionizing energy distributions and 
each system a grid of models is computed. The model param- 
eters are the observed Hi column density, the ionization pa- 
rameter, which is chosen as -4.0 < log U < 0.5, the metallic - 
ity in units of the solar value (-3.0 < log(Z/ZQ) < 0.0), and 
the hydrogen density (-5.0 < log«H - 3.0). The models de- 
pend only weakly on the hydrogen density but its importance 
increases for high ionization parameter s. Solar metallicities are 
taken from iGrevesse & Sauvall Jl998l) with the updates from 
iHolwegerl J200lb . The helium abundance is assumed to be pri- 
mordial. 

On the computed grids, the best fitting models are chosen 
by considering the most reliable observed column densities. If 
possible we use the column density ratios of two ionizations 
stages of the same element, e.g. N(Cw)/ N(Cm). The esti- 
mated grid parameters are the starting values for a detailed cal- 
culation, where the ionization parameter, the hydrogen density, 
and the metallicity are optimized, using the related CLOUDY 
command. Deviations from the solar abundance pattern are also 
considered if suggested by the data with the purpose to recover 
the abundance pattern usually found for low metallicity gas. 
Throughout this paper abundances are given in the common 
notation [M/H] = log(M/H) obs - log(M/H) Q . 

For illustrating the importance of the UV background, Fig. 
12 presents how the column density of ions of carbon (C n, 
C in, C iv) and silicon (Si n, Si m, Si iv) changes with the ion- 
ization parameter for the considered ionizing energy distribu- 
tions. Particularly for log U > -2.5 significant differences are 
present, even if the UV background is only moderately chang- 
ing as given in case of the HM-like spectra (left panels of Fig. 

As noted above, the spectra of the local sources realisti- 
cally should be merged with a general background. In order to 
estimate the uncertainties which are introduced by our extreme 
assumption of a pure SB energy distribution, the distribution of 
column densities for a pure SB mode l, as shown in the upper 
right panel of Fig.|2] are compared to a Haardt & Madau ( 2001 ) 
background merged with the energy distribution of a starburst 
galaxy (HM+SB). We find that the column density distribu- 
tion for the HM+SB energy distribution clearly resembles that 
of a pure SB continuum. This is true especially for ions with 
ionization potentials < 4 Ryd at ionization parameters log U < 
-1.0 which are realistically expected for intervening absorbers. 
However, above 4 Ryd the combined HM+SB energy distribu- 
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Fig. 2. Dependence of the column density on the ionization 
parameter log U of ions of carbon (C n, C m, C iv) and sil- 
icon (Sin, Sim, Siiv) for the ionizing spectra considered in 
the modelling procedure (see text). The legend is given in the 
lower right panel. The column density of neutral hydrogen in 
logA^Hi = 16.83, the metallicity is [M/H] = -2.0 and density 
log«H = -2.0 for all models. 



tion equals the pure HM background. Consequently, ions with 
higher ionization potentials, e.g. N v and O vi will follow a col- 
umn density distribution very similar to the pure HM model if 
the absorber is exposed to a HM+SB radiation field. As a con- 
sequence our pure SB models will fail if highly ionized gas is 
involved. The detailed discussion of the individual systems and 
models in Section|5]will show that there are only a few systems 
which favour the SB energy distribution as ionizing radiation. 
We will discuss the reasonability of those models for the corre- 
sponding systems. 

A synthetic spectrum based on the resulting parameters is 
computed for comparing the model with the data and evalu- 
ate the quality of the fit. For each transition, Doppler profiles 
are calculated, adopting the column density directly from the 
model result. The Doppler parameter b is derived from the 
model temperature as follows: Using the Doppler parameter 
of one unblended well-measured line, the turbulent part of the 
^-parameter is computed using b 1 = (2kT/m) + b 2 ,, where T 
is the temperature obtained for the model, m the mass of the 
considered element and k Boltzmann's constant. The estimated 
turbulent part b tU! t, is fixed for all lines, while the thermal con- 
tribution is re-computed for each element. The exact redshift 



of the lines is also adopted from one unblended, well-measured 
transition. The resulting spectrum is then broadened to the res- 
olution of the observed data. Thus, a quantitative comparison 
with the Keck data can be performed. Furthermore, the models 
are checked for consistency with the STIS data. 

The evaluation of the goodness of fit is performed by esti- 
mating ax 2 as a quantitative indicator. We use 



X 



1 " 

-Y 



fobs, i fmod, i 



(i) 



where / b s , , and / mo d, i is the observed and modelled flux at pixel 
i, respectively, cr, is the error of the observed flux, and n is the 
number of pixels considered for the ^-estimation. Since lines 
arising in the STIS part of the spectrum would dominate the 
X 1 , only features observed in the Keck spectrum are regarded. 
However, the actual ^ 2 -value is often spoiled by a few pixels 
that are contaminated by problems with the nois e array or sim- 
ply line blends (formerly noticed also by e .g. ICharlton et alJ 
2003l lDing et alJ2003albUZonak et alJ20ol . Even though we 
try to minimize the influence of bad pixel on the^- 2 by selecting 
the lines and intervals appropriate to be used for each system 
individually, a visual inspection is needed. Therefore, we will 
discuss the contribution of the individual profiles and the de- 
cide for a preferred model taking into account the ^ 2 -values 
and the visual comparison of the models. 



4. Limitations 

Many metal absorption line systems are multi-phase absorbers, 
which means low and high ionized absorption features are 
not formed in the same volume (examples of well stud- 
ied low redshift a bsorptio n systems can be found e.g. in 
[ Charlton et ail 12003] iDing et alJ 12003115 l2005t IZonak et alJ 
l2004lMasiero et alJl2005h . Especially O vi is beli eved to arise 
in a spatially more extend ed, low density gas (e.g. lLopez et alJ 
1999; Si mcoe et all2002l) . Thus, it is clear that our models are 
only a first step. More realistical descriptions should take into 
account the probably multi-phase nature of the absorbers. In 
the simple models presented here, the modelled ionization lev- 
els partly depend on the strategy of the analysis. Depending 
on the available observed line ratios either the low or the high 
ionization phase is reproduced. The choice of the constraining 
ions depends on the observed spectrum. In most of the cases 
C m/C iv or Si m/Si iv can be used since mostly C iv and Si iv 
are unambiguously detected and the column density can be es- 
timated reliably even if the features are rather weak. Contrarily, 
the features of the low ionization phase are more often lo- 
cated in the Lya forest, where blending limits the measura- 
bility of column densities. Nevertheless, in a few cases ratios 
like C n/C in or Si n/Si m are more prominent than the highly 
ionized species and therefore the low ionization component 
is modelled. There are also systems, where Cm and/or Sim 
cannot be detected because they are blended with strong or 
saturated Lya forest lines. In this case ratios like C n/C iv or 
Si n/Si iv have to constrain the model, which is extremely prob- 
lematic since the ions may originate in distinct volumes. We 
will discuss the implications of approaches like this in more 



C. Fechner et al.: The UV spectrum of HS 1700+6416 



5 



detail when the respective systems are presented. Furthermore, 
we will specify the validity of the models with regard to the 
ionization phase. 

Another problem is the considered amount of neutral hy- 
drogen. Usually, the Lya line is saturated and only in a few 
cases substructures in the H i features become visible in higher 
order Lyman series. For systems at z < 1.5, Lyar is lo- 
cated beyond the observed spectral range (except the z = 
0.2140 syste m), thus we adopt the column densities mea- 
sured by Vogel & Reimers ( 1995) using the Lyman limit break. 
Anyhow, following the described modelling procedure it is nec- 
essary to distribute the total H i column density over the sub- 
components observed in the metal lines. This is done by follow- 
ing the distribution of appropriate metals. If possible all ioniza- 
tion stage are considered, e.g. N(C tot ) - iV(Cn) + JV(Cm) + 
N(C iv) or 7V(Mg tot ) = N(Mg i) + N(Mg II). Due to incomplete 
coverage of the ionization stages, the distribution of neutral hy- 
drogen according to this method is a considerable source of 
systematic error. If only part of the measured H i absorption is 
associated to the metal absorption, the absolute elemental abun- 
dances are underestimated. However, the relative abundances 
are probably not affected. 

But also handling relative abundances may cause prob- 
lems since they depend on the shape of the ionizing back- 
ground. The value of [Si/C] derived from observations 
is typically [Si/C] < 0.5, consistent with the predic- 
tions in th eoretical supernova yields from various progenitor 
properties JWooslev & We aver||l995[ |Heger & Woosle"v | 2002: 
IChieffi & Limongil 120041 llJmeda & Nomotol 120021 l2005t) . 
However, since ionization corrections are needed, the [Si/C] 
derived from observations de pends on the adopted UV back- 
ground. Agu irre et ail d2004h pointed out that [Si/C] gets 
higher for harder ionizing radiation. They found [Si/C] ~ 
1.5 for an unrea l istic hard UV background. However, 
lOian & W asserburg (2005) predict that [Si/C] can be as high 
as ~ 1.3, if the metals are produce d by very massive stars 
(> 100 Mq) adopting a model of Umeda & Nomoto (2002). 

Furthermore, only 8 discrete shapes of the UV background 
are considered. This means, we follow a very simple ap- 
proach to constrain the shape of the ionizing background from 
observed data. A real fit would require some kind of algo- 
rith m (a possible me thod has recently been introduced by 
lAgafonova et al.ll2005l) . Thus, our results do not represent the 
ionizing radiation most probably illuminating the absorbing 
gas. But they provide models, which fit the observed data more 
accurately and reasonably than the models based on the other 
energy distributions considered here. 

5. Observed systems 

The spectrum of HS 1700+6416 is characterized by a huge 
amount of metal line absorption features. This rich metal 
line spectrum h as been studied in de t ail with medium resolu- 
tion in the UV dReimers et al.lll992HVogel & Reimers! 1 1995t 
iKohler et alJ Il996l) and with high resolution in the opt ical 
dPetitiean et alll996llTripp et alll997llSimcoe et all2002l) . 

Including the 7 LLS, we identify 25 metal line systems in 
the spectrum of HS 1700+6416. Three metal line systems lo- 



cated at z — 2.7124,2.7164, and 2.7443 are apparently asso- 
ciated with the QSO. Each of them show a multicomponent 
velocity structure. In 2 of them, Nv, a typical transition ob- 
served in associated systems, is detected and signs of partial 
coverage are seen. The intergalactic absorption systems cover 
a redshift range 0.2 < z < 2.6. The 7 Lyman limits systems are 
located at z = 0.8643,1.1573,1.7241,1.8450,2.1680,2.3155, 
and 2.4331. Four of the intervening systems (at z 
2.02 1 1 . 2.1278, 2.1989, and 2.3079) show only metal absorp- 
tion features of C iv. Thus, it is impossible to constrain models. 
However, the expected Civ AA3 12.5, 312.4 lines can be com- 
puted directly from the estimated line parameters, and will be 
considered in the predicted metal line spectrum. 

In the following, we present the observations of the identi- 
fied metal line systems. The models are discussed and the most 
appropriate one is derived. Figures of the data and the models 
can be found in Figs. lA.ll to lA. 171 

5.1. System z = 0.2140 

The lowest redshifted meta l line ab s orber is located at z — 
0.2140. According to iReimers etaP i 19891 fl997T) . the X-ray 
cluster Abell2246 (z = 0.25) gives rise to this system. Because 
of the low redshift, Mgn is visible in the optical. Mgi may 
be present as well, but its identification is questionable. The 
magnesium features reveal no velocity substructure. In the UV 
besides H i Lya, features of C n, Si n, and Si m are clearly de- 
tected. Probably N n is also present. 

Since the models are based on the noisy STIS observa- 
tions, a quantitative statement is difficult. Mg n is used to fix 
the ^-parameter, therefore it is reproduced well with all mod- 
els, even though super-solar abundances are needed in any case. 
But the absorption feature claimed for Mg i is underpredicted. 
Notable but still insignificant features are produced by the MF, 
SB, HMsO.l, and PL05 model. In the UV, the Cn and silicon 
features are well reproduced using HM, HM2, SB, or PL05. 
All other models underestimate the strength of at least one ion. 
The strongest N n feature is predicted by the HM2 model. 

Since only magnesium is observed in the optical part of the 
spectrum, it is impossible to quantify the goodness of the mod- 
els by the^ 2 -estimate introduced in Sect. [3] Therefore, the eval- 
uation of the results is only based on the discussion above. The 
favoured models are then HM, HM2, and PL05. Considering 
the model parameters, HM and PL05 require unphysically high 
or low densities (lognn = 2.5 or -6.8), respectively, and very 
high abundances (the metallicity derived for the PL05 model 
exceeds the solar values by more than 1 dex). Whereas, using 
the HM2 background leads to a cold (T = 10 3 63 K) absorber 
with somewhat super-solar abundances ([M/H] = 0.19) and 
[Si/C] = 0.17. The ionization parameter is log U = -2.97 con- 
sistent with the detection of low ionization stages only. 

5.2. System z = 0.7222 

The absorber at z = 0.7222 might be an additional 
Lyman limit system. Ev en though the FOS data analyzed by 
Vogel & Reimers ( 1995) reveals no Lyman limit, the STIS data 
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indi cate a break a t the corresponding position. Furthermore, 
IVogel & R eimers ( 19951) measure a Hi column density of 
log N = 16.20, which may give rise to an optically thin LLS. In 
the Keck data, we detect Mg n in 3, probably 4 subcomponents 
spread over a velocity range of ~ 50 km s" 1 . The ,12796 .4 dou- 
blet component is blended with Si iv of the z = 2.4331 system. 
At the velocity of the strongest Mg n component, Mg i and Fe n 
are present as well. The STIS data indicates the presence of sev- 
eral additional ions of nitrogen, oxygen, and sulphur. The col- 
umn densities are estimated assuming the Mg n velocity struc- 
ture and fitting line profiles of the same ion simultaneously. 

The models are based on the ions observed in the optical, 
i.e. on magnesium and iron. The ionization parameter and den- 
sity as well as the metallicity are fixed considering Mg n and 
Fe n. Thus, all other lines are predicted by the models. For all 
ions of a single element, an offset in line strength may be given, 
if deviations from the solar abundance pattern are present. 

Using Mgn and Fen to constrain the model parameters 
means that we model the low ionization phase. An additional 
high ionization phase is neglected, even though there are indi- 
cations for its presence (possible detection of S v). 

Discussing the models, we concentrate on the strongest 
component. The ratio Mgi/Mgn is modelled well with HM, 
HMsO.l, MF, PL15, and PL05. Mgi is overproduced by SB, 
while it is underestimated by HM3 and HM2. A significant 
amount of nitrogen (N m as well as N iv) is produced by the 
hard spectra of MF and both the power laws, and all mod- 
els predict N n absorption consistent with the FUSE data. O n 
is overestimated for the PL05 model. Very little Om and no 
detectable O iv at all is predicted by the softer ionizing back- 
grounds (all the HM-like radiation fields and SB), while the 
models with harder spectra reveals O m absorption consistent 
with the STIS data (MF) or in case of the power laws even 
more. Little Oiv absorption is predicted by the MF and PL15 
models. The PL05 model leads to prominent O iv features abso- 
lutely consistent with the data. The higher ionization stages of 
sulphur (S iv and S v) are only present for the power law mod- 
els. The prediction by PL05 fits the data well, but the lower 
ionization stages S n and S m are overestimated. The hard mod- 
els tend to overpredict S m, while it is consistent with the data 
for all other models. 

Since we observe 3 transitions in the optical, ^-values can 
be derived. We consider Mg i, Mg n A20S4, and Fe n /12344 
and find HM to lead to the best model (x 1 — 10.7). The mod- 
els based on the hard ionizing spectra (MF, PL15, and PL05) 
fit slightly worse. Since the power law models overestimate 
some oxygen and sulphur ions, we look for the best model 
among HM and MF. From the appearance of the modelled 
features, under the assumption that as much observed absorp- 
tion as possible originates from the system, HM is preferred, 
which is also consistent with the estimated x 2 - Adopting the 
HM model, the ionization parameter for each of the 3 compo- 
nents is log U ~ -3.7, i.e. the low ionization phase is modelled. 



5.3. System z = 0.8643 

The absorber at z — 0.8643 gives rise to an optically thin LLS. 
Mg n, located in the optical, shows a complex velocity structure 
with 7 subcomponents spread over ~ 150 km s" 1 . We use the 
Mg ii velocity splitting to fit the ions arising in the STIS portion 
of the spectrum (N m, N iv, O m, O iv, S m, S iv, and S v), where 
the weakest component is neglected. Thus, we concentrate on 
the 6 main features. Continuum windows are present for Mg i, 
Al in and Fe n. 

Because of only one ion observed in the optical, the mod- 
els have to be constrained on the basis of the less confident UV 
lines. We adopt S m and S iv as suitable lines, which therefore 
are fitted well by all models. Thus, S n and S v can be used 
to constrain the model. While S n is predicted consistent with 
the data by all models, S v appears to be overpredicted in any 
case except the SB model. The nitrogen abundance is scaled to 
match the observed feature of N iv. The models HM3, HMsO. 1, 
and SB predict slightly too much N m absorption, while N n is 
modelled consistently for all models. We left the carbon abun- 
dance unsealed obtaining a prediction of Cn. Too much Cn 
absorption is produced by the models HM3, HM2, and both 
the power laws. 

Following this discussion, the best models are HM, 
HMsO.l, and SB. Evaluation of the derived model parameters 
reveals that they are spread over a wide range since six subcom- 
ponents are concerned. Because of the similarity of the ionizing 
spectra, the distribution of the elemental abundances over the 
subcomponents obtained is very similar regarding the HM and 
HMsO.l model. [S/H] is roughly constant for all components 
with ~ -0.35 for HM and ~ -0.68 for HMsO. 1 . Unlike this, the 
sulphur abundances are spread over a range of roughly 0.34 dex 
for the SB model, while here [Mg/H] ~ -1.03 is nearly con- 
stant for all subcomponents. Since the assumption of a pure 
SB energy distribution as ionizing background is an oversim- 
plification, the results for ions with ionization potentials above 

4 Ryd (N iv, O iv, S v) may be biased. A combination of the HM 
and SB radiation could possibly improve the model. However, 
since our main purpose is to derive a prediction of the metal 
line spectrum in the FUSE spectral range, we stop the discus- 
sion here and keep HM, HMsO.l, and SB as equivalent models 
for the z = 0.8643 absorber. 

A further uncertainty for this systems is introduced by the 
modelled ionization phase. Since the models are constrained 
by S in and S iv, which have ionization potentials of 2.6 Ryd 
and 3.5 Ryd, respectively, an intermediate state is represented. 
Consequently, the derived metallicities are probably biased. 
However, as indicated by only weak features of e.g. Mgn and 

5 ii as well as the absence of Al in and Fe n absorption, the ab- 
sorbing medium does not appear to be dominated by a low ion- 
ization phase. Therefore, our results will probably reflect the 
correct tendencies. 

5.4. System z= 1.1573 

The Lyman limit system at z = 1.1573 shows Mgn absorption 
in the optical. We assume only one component even though 
asymmetries in the Mgn profiles indicate the presence of at 
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least two unresolved components. Furthermore, Fen and Alii 
can be detected in the Keck part of the spectrum. Al m might 
be present, but cannot be identified because of blending with 
Lya forest lines. Sin /U526.7 may be identified as well, but a 
reasonable profile fit was impossible. C iv could in principle be 
observed in the optical part of the spectrum at this redshift, 
but the expected features would arise in the Lyy absorption 
troughs of the z ~ 2.433 absorption complex. Thus, C iv might 
be present but its column density cannot be measured. The red 
wing of the absorption troughs at the expected position of C iv 
might suggest the presence of an high ionization phase shifted 
by ~ 40 km s _1 . This component may be also present in oxygen 
(O in, O iv, O v), even though due to saturation the identifica- 
tion is questionable. In the UV, we measure column densities of 
N ii, N in, O in, O v, S in, and S iv. Additionally, He i is detected. 

For constraining the model parameters, we use Mgn and 
Fe ii. Furthermore, a solar abundance pattern is assumed. In this 
case, the low ionization stages like C n, Si n, N n, O n, and Al n 
are fitted well with the models based on soft ionizing radiation. 
The harder UV backgrounds (MF, PL15, and PL05) overesti- 
mate the low ionization stages but produce significant features 
of transitions from higher ionized elements, which appear only 
sparsely using the softer spectra. This is expected since with 
Mg ii and Fe n the ionization parameter of the low ionization 
phase is constrained. Of course, each model could be further 
optimized by scaling the elemental abundances. However, the 
best fitting model found this way is HMsO. 1 leading to the best 
description of the low ionization stages with log U = -3.55. 

Lines of high ionization stages of neon are expected 
in the FUSE spectral range. However, if present, the Neiv 
/LLI541 , 542, 543 triplet would by located above the He n emis- 
sion redshift, and Ne v /1480 would be blended with complex 
Civ absorption of the z = 2.3155 LLS. The only feature that 
might be underestimated, is Nevn A465, expected to arise at 
1003.6 A. If the analysis of the He n Lya forest revealed a high 
value of rj at this redshift, it might originate from unidentified 
additional absorption of Ne vn. 

5.5. System z= 1.4941 

The z = 1.4941 system shows two strong and one weak sub- 
component of the C iv doublet in the optical. Weak Si iv ab- 
sorption may also be present, but only the ^11 393.8 component 
is unblended. If this feature is misidentified, the derived column 
density serves as an upper limit. Additional upper limits can be 
derived for C n, Al ii, Al in, and Fe n. The absence of lines aris- 
ing from low ionization stages indicates a high or intermediate 
ionization phase. In the UV, we clearly detect O iv, which is 
fitted using the velocity spread observed in C iv. Furthermore, 
this system may show He i absorption. 

The ionization parameter for each model is fixed using C iv 
and Si iv and assuming a solar abundance pattern. Since the col- 
umn density of Si iv suffers from significant uncertainties due 
to the weakness of the absorption features, the derived models 
are very preliminary. However, the model HM2 heavily over- 
produces He i, C ii, and O m. Similar problems arise in case of 
HM3, HMsO.l, and SB, while the prediction of Hei and Om 



absorption made with the hard radiation fields (MF, PL15, and 
PL05) is consistent with the data. 

Even though only a few lines are observed in the optical, 
it is possible to derive ax 2 considering Cn /H335, both com- 
ponents of Civ, Alii A 1671 and Siiv il394. The best value 
reveals the model PL15 (0.99), which is consistent with the 
discussion above as well. In this case, the derived parameters 
are log U ~ -2.3, -2.1, -2.5 for the 3 components. 

Due to the few lines observed for this system, one should 
keep in mind that the model is rather ambiguous. Considering 
deviations from the solar abundance pattern, e.g. a modifica- 
tion of the oxygen abundance, may lead to different results and 
possibly to prefer another model background. 

5.6. System z= 1.7241 

Another Lyman limit system is located at z = 1.7241. The Hi 
Lya transition can be observed in the Keck spectrum. Features 
of C iv and Si iv are clearly detected, but since they are located 
in the Lya forest, it is difficult to determine a velocity structure. 
Possibly, there is a second component of Civ at ~ 40kms~' 
visible also in C n. However, we assume a single component, 
which is visible in C iv as well as Si iv. Therefore the metallic - 
ity of the absorber might be underestimated. The /I1393.8 com- 
ponent of Si iv is blended with the C ii feature of the z = 1 .8450 
system. Only the /11334.5 component of Cn is located in the 
optical. Since the feature is weak, the derived column density 
is quite uncertain and may serve only as an upper limit. If Si m 
is present, it is heavily blended and an estimate of its column 
density is impossible. Upper limits can be derived for Si n and 
Al in. In the STIS portion of the spectrum, we identify ions of 
neon and oxygen as well as He i absorption. 

The ionization parameter of each model is constrained us- 
ing the ratio Ora/Oiv, i.e. we model a high ionization phase 
which seems to be a reasonable strategy due to the absence of 
many ions in low ionization stages. Then, the abundances of 
carbon and silicon have been scaled to match the observed col- 
umn densities of C iv and Si iv, respectively. Additionally, the 
marginally detected C n feature and the non-detection of Si ii 
give requirements for the elemental abundances. To evaluate 
the goodness of the models, the main characteristics are the 
strength of Siiv, the width of the Hi Lya feature, i.e. the tem- 
perature of the absorber, the amount of He i absorption, and the 
strength of the C n feature. C n is overestimated by HM2 and 
both the power law models. The hard backgrounds (MF, PL15, 
and PL05) fit best the Hei absorption, while the soft spectra 
tend to overproduce it. Concerning the width of the H i absorp- 
tion, the modified HM backgrounds (HM3, HMsO. 1 , and HM2) 
lead to the highest temperatures (~ 10 4 6 K), and thus give the 
best fits. All models except SB underestimate Si iv. Since both 
components are at least partly blended, this might suggest that 
the detected features do not originate mainly from silicon. 

Enough transitions are detected in the optical spectral range 
to derive x 2 -values. Reasonable velocity intervals are chosen 
covering the features of H i Lya, C n, C iv, Al ra, Si n, and Si iv. 
As expected, the contributions of H i, C n, and Si iv dominate 
X 1 . If Siiv is considered in the estimate of x 2 , the best fitting 
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model is SB (x 2 = 3.00). If it is neglected, HM3 fits the system 
best (x 1 = 1 .60). Being aware of the uncertainty of the presence 
of Si iv, we prefer model HM3, which leads to an ionization 
parameter of log U - -0.52. 



5.7. System z= 1.8450 

The Lyman limit system at z = 1.8450 shows complex absorp- 
tion with at least 3 subcomponents spread over ~ 65kms~ 1 . 
The features are clearly detected in C iv, where the strongest 
component is saturated in both the doublet components, and 
Cn, which is blended with the Siiv A 1394 component of the 
Z = 1.7241 system, as well as in Siiv, Sim, and Sin. The red 
component of Si m appears to be blended with Lya forest lines. 
Furthermore, we detect Al n and Aim. Even N v is present. The 
Mg ii doublet was observed bv lTrippetal1lll997l) . Since it is 
located outside the coverage of the Keck data, we adopt their 
colum density value. In the UV, we identify O m, Anv and sev- 
eral ions of neon. In this system He i appears also to be present. 

The variety of transitions observed in the optical should 
give good constraints of the models. The ratios of the ions of 
carbon, silicon, and aluminium are supposed to restrict well- 
defined models. Nevertheless, none of the backgrounds pro- 
duce a model fitting the low ionized lines and the lines of 
highly ionized elements simultaneously. For example, HM3 
and HMsO. 1 produce only very little C n absorption, but match 
well the observed Civ column density. Model PL 15 and MF 
have problems to not overproduce Si n without underestimat- 
ing Si iv, which indicates a multi-phase absorber. 

We compute x 2 considering appropriate velocity intervals 
of Hi Lya, Cn /11335, Civ (both doublet components), Alii, 
Aim (both components), Sin /11527, and Siiv (both compo- 
nents). The x 1 - value is then strongly dominated by the carbon 
lines, especially by the C iv doublet. The best fitting model is 
that one based on the MF energy distribution. Despite carbon, 
the next dominating lines for the^ 2 are H i Lya, where we con- 
centrate on the blue wing of the observed feature, and silicon 
(especially Si m and Si iv). Considering silicon, the best fits are 
produce by the models SB and HM2. While HM2 matches the 
blue wing of the H i Lya feature, SB reveals a lower absorber 
temperature and thus a narrower line. A further indicator for 
the goodness of the fit may be the amount of He i absorption. 
HM2 severely overproduces He i. Also the models HM and SB 
predict stronger He i than consistent with the data. 

Considering all arguments above, we come to the conclu- 
sion that the system at z — 1.8450 is a multi-phase absorber 
and should be analyzed applying a more sophisticated model. 
Thus, the results from our crude modelling should be consid- 
ered very preliminary. However, our simple approach indicates 
ionization by a hard UV background. This is in line with the 
detection of N v, which is never seen in the 'normal' IGM, but 
always requires a nearby AGN. We derive consistent models 
adopting the MF energy distribution or a power law (PL15 and 
PL05). The lowest^ 2 is produced for MF (155.6). 



5.8. System z = 2.1680 

At z — 2. 1680 another Lyman limit system arises. Lya and Ly6 
are detected in the Keck spectrum. We clearly identify Civ, 
Si in, and Si iv in two subcomponents, where the stronger one 
appears to be an unresolved blend of at least two components. 
O vi absorption might be present but is blended. Furthermore, 
the measured Cn column density might be biased by unre- 
solved blending with Lya forest lines. In this case, the derived 
values serve as upper limits. The detection of Si n is very uncer- 
tain. Thus, the given value may represent an upper limit. Neon 
is identified in the UV, argon might be present as well. 

All models lead to strong hydrogen lines, broader than the 
observed features, indicating a problem with the H i distribu- 
tion. The best fitting models are then MF, PL05, PL15, and SB. 
Another crucial transition is Si n. Even if it is not present, there 
are upper limits that have to be considered. The models based 
on hard ionizing spectra (both the power laws, MF, but also 
HMsO.l), overproduce Sin. The feature claimed for as Cn is 
reproduced only by PL05, the other models reveal nearly no 
C ii absorption at all. 

Thus, we compute x 2 on the basis of C iv (both compo- 
nents), N v ,11239, Al ii, Si n ,11527 and ,11260, and Si iv ^1403. 
The dominating transition is then Si iv, which is fitted best with 
PL05 and SB. According to the overalls-value, the best fitting 
models are SB, HM3, and HM (3.67, 4.10, 4.38). Considering 
the width of the Hi features, the SB model is preferred, but 
assuming a different amount of neutral hydrogen associated to 
the metal absorption, HM3 and HM provide consistent mod- 
els as well. Comparing the HM3 and HM model, HM leads 
to very high [Si/C] abundances (~ 2.0), while HM3 reveals 
the more realistic value [Si/C] ~ 0.9. The SB model leads to 
[Si/C] 0.4 for the main component. 

In order to constrain the models the ratio Si m/Si iv has been 
adopted. We find the ionization parameters log U = -0.98 and 
-0.70 in case of the HM3 model and log U = -1.22 and -1 .25 
for the SB model. Since these lines may arise partly from a 
low and a high ionization phase, our results may be biased and 
the reasonability of a pure SB model might be questionable. 
However, the presence of an unsaturated C iv doublet as well 
as the detection of very weak ions from low ionization stages 
indicates that neither a low nor a high ionization phase is dom- 
inating. 

5.9. System z, = 2.2896 

For the system at z = 2.2896, we detect the Lyman series down 
to LyS, although Lyy and 5 are very noisy. Weak C rv is visible 
with 3 components spread over ~ 30 km s and weak Si iv fea- 
tures are detected in the ,11393.8 doublet component. The cor- 
responding Cm absorption is identified in the optical, but the 
velocity structure cannot be resolved due to noise. Therefore, 
it is impossible to distribute the total column density of neu- 
tral hydrogen over the subcomponents reasonably. We there- 
fore concentrate on the main component assuming that it gives 
rise to the bulk of the H i and C m absorption. 

Since most of the observed features are weak, a conclu- 
sion about the dominated ionization phase is difficult. Neither 



C. Fechner et al.: The UV spectrum of HS 1700+6416 



9 



lines from low nor from highly ionized species are particularly 
strong. Thus, it appears to be reasonable to use C m and C iv to 
constrain the ionization parameter. 

All derived models are very similar to each other. We spec- 
ify ax 2 considering appropriate velocity intervals of C m A977, 
Civ A1551, Nn ,11084, Alii, Sin ,11260, and Siiv A1394. The 
features of H i as well as Si in are neglected in lack of a reason- 
able choice of an velocity interval, although they are important 
indicators to estimate the best fitting model. Considering Sim, 
absorption consistent with the observation is predicted by the 
models SB and PL15, while it is overestimated severely by the 
models HM2, MF, HM, and PL05. Regarding the actual num- 
bers of x 2 , all models are of comparable quality. The small- 
est ^ 2 -values are provided by HM3, HMsO.l, SB, and PL05 
(0.86 for all of them). PL05 is rejected since it overproduces 
Sim. Comparing HM3, HMsO.l, and SB, the HM3 model is 
preferred since the derived [Si/C] abundance is more realistic 
(0.89 in comparison to -0, 17 and -0.44) at a metallicity of 
[M/H] = -3.31. The ionization parameter is log U = -1.46. 

5.10. System z = 2.3155 

The Lyman limit system at z — 2.3155 gives rise to a very 
complex structure of metal line absorption. We find 6 com- 
ponents spread over ~ 130 km s , with 4 main components 
at -49kms _1 , Okms -1 , 35.1 kins" 1 , and 77kms~ 1 (Fig. 0, 
which we consider individually in the following investigation. 
The two blue components are visible in almost all detectable 
ions, while the red components are less strong. Unfortunately, 
some important transitions are blended with Lya forest lines, 
and an estimate of column densities is impossible for C m and 
Si m. Also the O vi profiles suffer from blending with forest 
lines and the derived values are biased with large systematic 
uncertainties. Alii is blended with the ,11548.2 component of 
Civ arising from the system at z = 2.5785. This makes the fit- 
ting procedure complicated, but since the doublet component 
/11550.8 of the z = 2.5785 system is unblended, the derived 
values are supposed to be reliable. Aim is located outside the 
observed spectral range, thus we adopt the value measured by 
iTripp et all Jl997l) . Nearly all Civ absorption is saturated in 
both the doublet components, as well as the strongest subcom- 
ponent in Si iv. Possibly, we also detect N v, which usually is 
not detected in intervening systems. 

Analyzing this system, it is evident that it is a multi-phase 
absorber. None of the models reaches a satisfactory description 
of both the low and highly ionized species (see Fig. [3}- This 
is illustrated particularly by O vi. Only weak features for the 
blue components are predicted, while a stronger line consis- 
tent with the observation is produced for the red component. 
The reason is the way we fix the ionization parameter. For both 
the blue components we use the ratio of Sin/Siiv, which is 
more reliable than C n/C iv since the column densities suffer 
less from saturation effects. Whereas, for the red components, 
no Si ii feature is observed and the ratio of the ions of carbon 
has to serve to fix the ionization parameter. If the bulk of the 
C iv absorption originates in a high ionization phase, but most 
of the Si iv arises from low ionized gas, we probe two differ- 



ent gas phases whether the model is based on silicon or car- 
bon. Using two successive ionization stages should avoid this 
problem. However, since both C m and Si m are blended and 
unresolved in the present data, there is no possibility to do so. 
Tripp et al. N 19971) made some efforts to model this system as 
well (with their data, they resolve 3 components, which corre- 
spond to 3 of the main components considered in this analysis). 
They failed to derive a single phase model and suggest a multi- 
phase gas, too. 

Comparing the models with the observational data (Fig.[3j, 
the red wing of the Hi features (Lya and Ly/3) is poorly de- 
scribed by all models. The best are MF and SB since they pro- 
duce the lowest temperature (T ~ 10 4 K) of the red compo- 
nent. Concerning H i, we distributed the measured total column 
density to the subcomponents according to carbon. Since we 
only account for the 4 main components, the amount of Hi 
may be overestimated. But the error is supposed to be small 
since the contribution of the weaker components to the total 
carbon column density is negligible. 

A reasonable ^ 2 -value is difficult to define since only 
parts of the absorption complexes are modelled. Therefore, 
we define velocity intervals for each subcomponent using 
lines we expect to have no systematic errors. The ,y 2 -value 
of the blue component considers Cn A 1036, Nn A 1084, Alii, 
Sin ,LLU527, 1304, 1193, and Siiv ,11403. Siiv dominates the 
value but is similar for all models. Best fitting models are both 
the power laws, HM, HMsO.l, and SB. 

Considering the central component the situation gets even 
worse since Al n is blended and thus cannot be included in the 
^-estimate. Si iv is unusable as well since no reasonable ve- 
locity interval can be defined. With these exceptions we use the 
same transitions as before. Then x 2 is dominated by the Si n 
lines, which differ only marginal in the appearance of the pro- 
files. The MF model underestimates N n, but no further results 
can be conclude from the ^-values of the single lines since 
they strongly resemble for each model. N v, which is not con- 
sidered in the^f 2 , is slightly overproduced by the HM3 model. 

Regarding the component at 35.1 km s~', only very few 
lines are appropriate to estimate a ^ 2 -value. We chose Nn 
,11084, Nv ,11243, and Sin ,11527 and find that all HM-like 
models are preferred. Additionally, both the power laws and the 
MF model overproduce Cn. SB severely overestimates Nm, 
which is also overpredicted by MF, HMsO.l, and HM. Thus, 
HM3 and HM2 are the best fitting models with respect to this 
component. 

For the red component, the lines for the ^-estimate have 
to be chosen considering the high ionization gas phase. We use 
appropriate velocity intervals of Cn ,11335, Civ ,11551, Nv 
,11243, Si ii ,11527, and Si iv ,11403. The;f 2 -value is dominated 
by C iv. The strongest deviations from the observed features are 
found for SB and HMsO. 1, which also produce no N v. 

In order to decide which ionizing radiation field is opti- 
mal for reproducing the whole system, we determine a total 
^f 2 -value considering all the lines and velocity intervals con- 
tributing to the ^-values of the subcomponents. Following the 
resulting numbers, HM3 produces the best fitting model (52.1). 
Regarding ionization parameter, density, and temperature, the 
different gas phases can be recovered. The red subcomponents 
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Fig. 3. Observed and modelled absorption lines of the system at z — 2.3155. The histogram-like lines give the observed flux at 
the expected position of the indicated transitions. The name of the observing spectrograph is indicated in the upper left corner of 
each panel. The plotted STIS data is unsmoothed, i.e., no Savitzky-Golay filter is applied. The preferred model HM3 is presented 
as the thick line. All other models are shown as thinner lines for a rough comparison. 



C. Fechner et al.: The UV spectrum of HS 1700+6416 



11 



are modelled to be the hottest (10 4 45 K) absorbers with the 
highest ionization parameter (log U ~ -1.02 and -1.38), while 
both the blue absorbers are somewhat colder (~ 10 4 23 K) re- 
vealing a lower ionization parameter (log U ~ -2.2 for both 
components). The metallicity is set to [M/H] ~ -0.55 corre- 
sponding to the silicon abundance of the bluest system. We de- 
rive [Si/C] ~ 0.25 in case of the blue components and ~ 0.78 
for the red, highly ionized components. 

The LLS at z = 2.3155 is a very complex system. The 
models, we have derived, are certainly oversimplifications 
and do not serve as a realistical description of the physical 
conditions in the absorbing gas. According to the modelling 
strategy and the results reported above, it is evident that we 
model the low ionization phase of both the blue component 
and an intermediate ionization phase for the red components. 
Improving the physical model by introducing additional ion- 
ization phases would probably modify the metallicity of the 
system. Furthermore, the smooth observed line profiles of C iv 
and O vi indicate the presence of a third phase of a hot, highly 
ionized, diffuse gas component. But since our main concern in 
the presented work is the derivation of the metal lines expected 
in the far-UV and the investigation of the ionizing UV back- 
ground rather than exploring the physical state of Lyman limit 
systems, we quit the modelling of the system at this point and 
address a deeper analysis to future work. 

Due to the multi-phase nature of this system, we likely un- 
derpredict the absorption of high or low ionization stages for 
the blue or red subcomponents, respectively, in the FUSE spec- 
tral range. Except the Civ A3 12.4, 312.5 doublet, only lines 
from low ionization stages are expected (C in, N m, O in, Ne m). 
According to Fig. [3] Cm, Nm, and Oin are modelled confi- 
dently, while Ne in may by underestimated. In case of a high 
j] value at the corresponding wavelength (1037.9 A), additional 
absorption due to Ne in should be considered. The UV doublet 
of C iv is certainly underpredicted since the doublet observed in 
the optical is saturated and underestimated by the model at least 
for the blue components. However, the features are expected to 
arise close to the interstellar Cn /U036 line. Since saturated 
interstellar absorption of Cn ,11334 is observed in the STIS 
data, the A 1036 component will be of comparable strength and 
therefore dominate the blend with C rv. 

5.11. System z = 2.3799 

The system at z = 2.3799 shows absorption features of C m, 
Civ, Sim, Siiv, and Ovi in the optical data. Cn seems to 
be present, too, but is surely blended. Thus, the derived col- 
umn density suffers from systematical uncertainties and may 
serve as an upper limit. Clear non-detections are Si n and N v. 
Furthermore, we could derive limits for N n, Al n, and Fe n. In 
the UV, we may detect several ionic transitions of argon. The 
triplet of Anv (/LU451.2, 451.9, 452.9) is obviously present, 
but appears to be shifted (~ +10kms~ 1 ) with respect to the 
optical transitions. Arv and Arvi appear to be present, too, 
but might be blended with sulphur and carbon features aris- 
ing from the z = 1.1573 and z = 1.8450 LLS, respectively. The 
H i Lyman series is detected down to Ly6, which is strongly af- 



fected by noise, but Lya, Lyft, and Lyy are used to estimate the 
column density. 

The observed features show no substructure. There may be 
a small shift of ~ 5kms _1 between the centroids of Ovi and 
those of carbon and silicon. Blending with Lya forest lines, 
however, might mimic a shifted position. Furthermore, the O vi 
features are unusually broad (b = (18.6 + 1.2)kms _1 ). This 
might indicate a multi-phase nature of the absorber. Given the 
apparent absence of features from low ionized species, a phase 
of intermediate ionization is modelled. But an additional hot, 
high ionization phase might be present as well. 

Fortunately, all other optical metal lines are apparently un- 
blended, so that we can compute a x 1 with several ions. We 
use appropriate velocity intervals of H i Lyfl, C iv (both compo- 
nents), Nil ,11084, Nv /1 1243, both components of Ovi, Alii, 
Sin /11527, Sim, and both components of Siiv. Cm A911 is 
rejected for the ^-estimation since the comparison with the 
/1386 component in the STIS data suggests that it might be 
polluted by additional absorption. Regarding the Hi feature, 
we concentrate on the red wing of the profile, which is mis- 
matched by the models based on the hard ionizing spectra (both 
the power laws, MF, but also HMsO. 1), while the softer spectra 
fit well. The dominating contribution comes from Ovi. Here, 
the best fitting models are produced by HM3 and HM2. Si m 
is slightly underestimated by HM and PL05. Considering the 
overall fit and the actual numbers, HM3 is the preferred model 
(X 2 = 2.14, log U = -1.04), while HM2 fits only slightly worse 
(X 2 = 2.28, log U = -1.27). This suggests that a further opti- 
mized ionizing continuum might have a break slightly below 
3 Ryd. 

5.12. Systems z = 2.4321 and z = 2.4331 

There is a strong absorption complex at z ~ 2.433, which we 
assume as two systems at z = 2.4321 and z = 2.4331, respec- 
tively. The latter appears to cause the observed Lyman limit. 
Considering the Lyman series up to LyS, we estimate the col- 
umn densities logJV(Hi) = 15.53 + 0.03 and logJV(Hi) = 
16.84 + 0.35 for the z = 2.4321 and z = 2.4331 system, 
consistent with the valu e measured from the Lyman limit by 
IVogel&Reimersl ( ll995l) . Additionally, the red wing of the Lya 
absorption trough contains a significant amount of hydrogen 
without any metal line absorption. The column density is hard 
to quantify because of blending with Lye forest lines in Ly/3 
and y and poor data quality for LyS. The H i absorption com- 
plex is presented in Fig. |4] Besides the systems discussed in 
this Section it shows as well the features of the systems at 
z - 2.4386 and z = 2.4405, presented in the next Section. The 
narrow feature in between the two saturated absorption troughs 
visible in the Lyor panel is Sim of the z - 2.3155 LLS. Hen 
Lya is shown as well. For a better orientation, one doublet com- 
ponent of C iv is also presented since it illustrates the velocity 
structure visible in the associated metal lines. 

Considering the z = 2.4321 system, the model parame- 
ters are constrained by the carbon ions, although Civ /11551 is 
blended with the first C iv doublet component of the z = 2.4386 
system. For the resulting models, we compute^- 2 -values based 
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on the features of H i Ly/3 and Lyy, C n ,11335, C m ,1977, C iv 
,11548, Nv ,11243, Aln, and Siiv ,11394. None of the lines 
dominates the ^ 2 -value, even though the greatest differences 
are found for the Hi features. While the HM3 and HM2 mod- 
els fit well the blue wing of the features, both the power laws as 
well as MF produce lines too narrow to match the observations. 
Regarding the transitions not included into the x 2 -estimation, 
we have several models producing Sim and Ovi absorption 
consistent with the data. Models predicting Si in are HM, SB, 
PL 15, PL05, and MF, where the latter slightly overproduced 
the strength of the absorption features. Whereas only HM3 and 
HM2 predict perceivable absorption of O vi, which is still con- 
sistent with the data. According to the ^-estimation, the best 
fitting model is yielded with the HM3 background (1.13). The 
derived ionization parameters log U ~ -1.0, -1.2, -1.4 con- 
firm an intermediate ionization phase. 

In case of the z = 2.4331 system, we decide on a line 
sample to compute ^ 2 -values which consists of appropriate ve- 
locity intervals of Hi Ly6, Civ ,11548, Nv ,11239, Aln, Sin 
Al 193, Si in, Si iv ,11394, and S vi ,1945. PL05 provides a poor 
description of the observations. C iv is significantly underesti- 
mated, while Si n is overproduced. Furthermore, the SB model 
predicts too much N m absorption and no S vi features at all. 
Differences in the predicted strength of O vi cannot serve as in- 
dicator for the quality of the models since we can only place 
an upper limit on its column density due to the observational 
data. We detect a shift between the position of silicon and C iv 
of (2.66 + 0.28) km s~' in the blue component. This might be 
interpreted as an indication of a multi-phase absorber with a 
more complicated structure than assumed here. As our param- 
eter constraints are based on the Sim/Siiv we presumable 
model the low to intermediate ionization phase. The presence 
of an additional phase cannot be ruled out. Therefore the re- 
sulting metallicities for the system may be biased. 

While the estimated ^-values are dominated by Si m as 
well as C iv, there are only little differences in the actual num- 
bers for all models except PL05. The C iv is best fitted by the 
HM2 model since it produces a slightly broader profile than 
the other models, while Si ra is matched slightly better by the 
HM3 model. But at least, these are only marginal differences. 
Considering the total x 2 , HM3 (20.04) and HM2 (20.12) are the 
best fitting models. HM3 produces too much Al n absorption in 
the middle component, while HM2 underestimates Si n worse 
than HM3. The situation seems comparable to the z = 2.3799 
absorber, where the optimal position of the break is apparently 
shifted to energies slightly below 3 Ryd. We prefer the HM3 
model, which yields the ionization parameters log U ~ -1.2, 
-1.5,-1.4. 

5.13. Systems z = 2.4386 and z = 2.4405 

The absorption complex of the systems at z — 2.4386 and 
z = 2.4405 is shifted roughly 500kms _I from the LLS dis- 
cussed in the previous Section. Lye shows a broad absorption 
trough, but considering higher Lyman series, distinct features 
are visible and the column densities can be measured (Fig. 
EJ. We estimate logJV(Hi) = 15.783 + 0.066 at z = 2.4386 




2.4300 2.4325 2.4350 2.4375 2.4400 2.4425 
z 

Fig. 4. Observed Hi absorption complex at z ~ 2.435. 
Presented are the features of the Lyman series down to Ly<5 
and Hen Lyg (the corresponding FUSE data is presented in 
iReimers et alJl2004l) . The lower panel shows the correspond- 
ing C iv ,11548 absorption complexes. The vertical dotted lines 
indicate the position of the main component of the systems at 
z = 2.4321,2.4331,2.4386,2.4405. 



and logJV(Hi) = 14.45 + 0.24 at z = 2.4405. The large er- 
ror bar for the latter value arises since it is estimated using 
only Ly/3. In between at z — 2.4397, another strong Hi sys- 
tem (logiV(Hl) = 15.490 + 0.037) is detected. Maybe, the 
metal line absorption belongs to the stronger H i but is shifted 
by ~ 75kms~ 1 . However, weak absorption features of carbon 
(C in, C iv) and O vi are apparently associated to this strong H i 
absorber. According to C iv, 4 subcomponents can be identified 
for the z = 2.4386 system, clearly present in Si in and Si iv as 
well. The system at z — 2.4405 spread up in 3 subcomponents 
considering Civ. The corresponding silicon features are very 
weak and only measurable for the strongest component, which 
we concentrate on in course of the modelling procedure. 



C. Fechner et al.: The UV spectrum of HS 1700+6416 



13 



Considering the system at z = 2.4386, the amount of neu- 
tral hydrogen distributed to the bluest subcomponent is over- 
estimated. Thus, the derived metallicities for this component 
are definitely too low, but the main conclusions remain unaf- 
fected. We define appropriate velocity intervals to computer- 
values based on Hi Ly<5, C n ,11335, C in A911, Civ ,11551, N v 
/11243, Al ii, Si ii /11527, Si in, and both the doublet components 
of Si iv. The interval including H i is concentrated on the red 
wing of the feature, and only the two blue components are con- 
sidered regarding C in. O vi and S vi are not included since we 
can only place upper limits on the presence of these transitions. 
The ^-values are dominated by Si in since it is modelled to be 
narrower than observed in all models, but MF, HM2, PL05, and 
HMsO.l match the observational profile best. The model PL05 
fails because it predicts a significant Si n feature, which is not 
observed, and clearly underestimates the C iv absorption of the 
reddest component. 

According to the derived numbers, the MF model fits the 
observations best (4.46). Both the red components in C m are 
rather weak, but since the i977 feature is definitely affected 
by blending with a Lya forest line, even weak absorption is 
consistent with the data. A further constraint on the C m col- 
umn density of these two components could be provided by the 
/1386 line, but at the corresponding wavelength, the STIS data 
suffer from insufficient S IN. However, the ionization parame- 
ters of the components are based on the column density ratio 
of silicon. With log U = -2.46, -2.56, -1.71, -2.00 the in- 
termediate ionization phase is modelled consistently with the 
absence of strong lines from species in low or high ionization 
stages. The estimated overall metallicity is [M/H] = -1.29. 
Relative abundances are [Si/C] = -0.77, -0.16, 0.86, 0.69. 

Even though the system at z = 2.4405 shows 3 subsystems 
with respect to C iv, we concentrate the analysis on the main 
component. This means again that we probably overestimate 
the amount of neutral hydrogen associated with the absorber. 
For this reason, we neglect the H i profile in the computation 
of x 2 - The models HM and PL05 result in low temperatures, 
e.g. narrow H i profiles, which are too deep in the line core re- 
garding Ly8. But following the argumentation above, we can- 
not conclude on a shortcoming of these models. 

We compute^ 2 -values based on appropriate velocity inter- 
vals of C ii /11335, both doublet components of C iv, N m ,1989, 
N v /ll 243, Si ii /11527, Si in, and both the components of Si iv. 
The latter ions illustrate the goodness of the models. While the 
models HM3 and both the power laws overestimate the amount 
of silicon absorption, HM and HM2 fit well. Si m is well de- 
scribed by SB, but Si iv is overproduced. Considering also the 
contributions of the other lines to x 2 , we find the best fitting 
model to be HM (1.64). The SB model produces a good de- 
scription of the observations as well (1.83). We find rather high 
ionization parameters log Uum = -1-24 and log Usb = -0.54. 
Since only very weak features of silicon are detected but pro- 
nounced absorption arising from Civ and Ovi, we probably 
observe a high ionization phase. If this is true, the SB model 
may be inappropriate since it leads to unrealistic results for ions 
with high ionization potentials (> 4Ryd). Thus, we reject the 
SB model and, therefore, the unmodified HM background pro- 
vides the best model. 



The system at z = 2.4397 (or at -71.1 kms -1 with respect 
to z = 2.4405) is also modelled best using the HM ionizing 
radiation. The derived metallicity is [C/H] = -2.86, which is 
more than 1 dex lower than in case of the z = 2.4405 central 
component, indicating that the enrichment history of the IGM 
is highly inhomogeneous. 

5.14. System z = 2.4965 

The system at z = 2.4965 shows only weak C iv and probably 
O vi. If C in is present as well, its detection is very uncertain 
because of blending. For the few different ions observed the 
models are constrained using the C iv/O vi column density ra- 
tio, i.e. a high ionization phase is modelled which seems to be 
the predominating phase for this system. But since we cannot 
be sure, whether O vi is really detected, the model interpreta- 
tion has to be considered carefully. 

The main discrepancies of the models are found in the H i 
profile. The best fitting model with respect to neutral hydrogen 
is then HM3. This is confirmed by the computed^- 2 -value based 
on the lines Hi Lya and LyyS, Cn /11335, both components of 
Civ, Nm ,1989, Nv /U243, Ovi /U038, Sin ,11527, and Siiv 
,11394. Of course, the dominating profiles are those of H i. The 
numbers concerning the continuum windows are comparable, 
and there are only little differences for C iv. Considering C iv, 
the HM3 model slightly underestimated the observed column 
density. Whereas the feature, we identified as O vi, is modelled 
best by HM3 and HM2. Both models also predict weak Nev 
and Ne vi absorption consistent with the data. Therefore, HM3 
is the preferred model (x 2 = 3.86) leading to an ionization 
parameter of log U = -0.33. 

5.15. System z = 2.5683 

Rather weak metal line features arise from the system at z — 
2.5683. Civ shows 2 subcomponents close to another (Av = 
17 kms 1 ), also present in Cm. The observed, weak Ovi fea- 
tures cannot be resolved into two subcomponents. Thus, the 
measured values can be considered as an upper limit for both 
components. For silicon the weaker, red component is below 
the detection limit. The higher order Lyman series lines of hy- 
drogen are blended with forest lines. Therefore, the most con- 
fident column density results from the Lya fit, which we per- 
formed simultaneously with Ly/?. 

Comparing the photoionization models with the data, the 
blue wing of Ly8 and the red wing of Lyy are supposed to be 
appropriate, even though all models overestimate H i. This may 
be due to a wrong distribution of the total amount of neutral 
hydrogen to the subcomponents, or only part of the measured 
H i column density is associated to the metal line absorption. 
Another possibility is that all models underestimate the tem- 
perature of the absorber since the comparison of the artificial 
profile to the observed data reveals that the observed profiles 
have much smoother and broader wings indicating a higher 
temperature. Also a multi-phase approach might lead to better 
models since the smooth profiles of O vi indicate an additional 
high ionization phase. However, within our simple approach 
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the broadest and thus best fitting profiles are produced by the 
models HM2 and HM3. 

We compute the x 2 -values adopting appropriate velocity 
intervals of Hi Ly/3, Cn /11135, Cm A977, both components 
of Civ, Nv /U239, Sim, and both doublet components of 
Si iv. As discussed above, the ^-values are dominated by Hi, 
but also Sim contributes above average. Regarding Sim, the 
best fits are yielded using the PL15, MF, or HMsO.l radia- 
tion backgrounds, which are the best fitting models if Hi is 
ignored, while HM overestimated the observed column density 
significantly. The decision for the best fitting model depends 
on whether the H i profile is considered or not. If we include 
the profile of Ly/3, HM2 and HM3 are the best fitting mod- 
els, whereas PL15 fits best if Hi is neglected. However, only 
HM3 and HM2 provide enough O vi absorption to fit the ob- 
served features ([O/C] ~ 0.5). But one should keep in mind 
that a multi-phase approach where the oxygen abundance pos- 
sibly can be left unchanged, might result in an improvement of 
the models. We claim HM2 to be the best fitting model (4.19) 
yielding the ionization parameters log U = -1.43 and -1.18. 
Because the quality of the HM3 fit is only slightly inferior, we 
may conclude that the energy distribution of ionizing radiation 
could be optimized positioning a break at a low energy slightly 
above 2 Ryd. 

5.16. System z = 2.5785 

The broad Lya absorption trough of the system at z — 2.5785 
separates into two distinct features at -50 km s and 25 km s 
visible in Lyy and higher order Lyman series. Each of the sub- 
systems can be separated into 2 components, with respect to 
C iv. The complex of the C iv A 1548 component is blended with 
Aln of the system at z — 2.3155. The center of the blue Hi 
features mismatches the center of the blue subcomponents ob- 
served in the metal line transitions. They appear to be shifted by 
roughly 20kms _1 . This leads to an overproduction of neutral 
hydrogen in the blue components for all models. Thus, the de- 
rived metallicities are supposed to be slightly underestimated. 

We compute^- 2 considering H i Lye, Cn Al 335, C iv /11551, 
Sin /11527, both doublet components of Siiv, and S vi ,1945. 
The dominating contributions are given by C iv and Si m, which 
are observed to be broader than predicted by the models. Best 
fitting models with regard to C iv are HM2 and HM3, and HM 
and MF with respect to Si m. The feature of C n is overesti- 
mated by the models PL05 and HM2. PL05 also predicts too 
much absorption in Siiv. Considering the red component of 
neutral hydrogen in Lye, the modified HM models are slightly 
too broad, while MF, PL15 and SB fit well the observed profile. 

Regarding the transitions not included into the x 1 ' 
computation, HM3 severely overestimates Nev. The reddest 
feature of C m might be underpredicted by all models except 
PL05 and SB. But possibly it is blended with the low redshift 
Lya- forest. Thus, it is not clear, if the total feature is due to 
Cm. Unfortunately, the /1386 transition is blended as well and 
therefore cannot answer the question. A significant amount of 
Ovi is produced by the models HM, HM3, HM2, and PL15. 



But HM and PL 15 are then severely overpredicting the blue 
features of O m. 

Considering all arguments given above, the best fit- 
ting model is HM3, even though it underestimates the Sim 
component at -18.5 km s~'. According to the HM3 model, 
silicon is overabundant by more than 1 dex ([Si/C] = 
2.98,1.93,0.63,1.76) in nearly all subcomponents. Test cal- 
culation showed, slight changes in the position of the break 
of the ionizing radiation would cause significant variations for 
[Si/C]. A further refinement of the UV background might pos- 
sibly decrease the silicon overabundance. Considering HM3, 
the ionization parameter is rather high for the blue components 
(log U = -0.78 and -0.99) and slightly lower for the red com- 
ponents (-1.26 and —1.17). This indicates that we model a high 
ionization phase, which is also consistent with the presence of 
O vi. However, introducing an additional phase of highly ion- 
ized, diffuse gas might improve the models. 

6. Discussion 

From the 25 observed metal line systems we were able to derive 
models for 18 systems with the purpose to predict the metal line 
spectrum in the far-UV. Simple photoionization models were 
evaluated with the aim to determine the ionizing UV back- 
ground which leads to the best description of the observed 
lines and of the predicted far-UV spectrum. The investigation 
is based on the comparison of 8 different background shapes. A 
summary of the results is given in Tabled which is presented 
graphically in Fig. [5] where we exclude the systems associated 
to the QSO. Thus, the total number of systems considered here 
is 22. Note that systems at z < 1.1573 (except the z = 0.7222 
system) show only very few lines in the optical. Realistic er- 
ror estimates are therefore not possible and the models of the 
low redshift systems have been evaluated using only qualitative 
arguments. In case of the high redshift systems a ^-estimate 
supplements the visual inspection of the models. 

Evaluating the sample reveals HM3 to be the model lead- 
ing largely to the best description in the framework of our 
simple models. HM3 de notes a UV background based on the 
Haardt & Madau| feOOlb energy distribution, where the break 
at 4 Ryd is shifted to 3 Ryd. 7 of 1 1 systems with z > 2 find 
HM3 to be the favoured radiation background, and one leads 
to HM2. As discussed in the previous Section there are hints 
that for several systems the break of a more optimized ionizing 
continuum would be somewhere in between 2-3 Ryd. T his is 
in line with recent results from Agafonov a et al . (2005), who 
find a significant intensity de crease between 3 and 4 R yd com- 
pare to the UV background of lHaardt & MadauN 19961) at z ~ 3 
investigating 4 metal line systems with a more sophisticated 
method. 

The classical HM background was only found in 3 cases 
( z = 0.7772, 0.8643, 2.4405), where the z = 0.8643 system can 
be equivalently modelled with the SB ionizing radiation. The 
spectral e nergy distrib ution o f a starburst galaxy, adopted from 
iBruzual A. & Chariot! i 19931) . is found to be 2 times among the 
preferred models as well as the hard radia t ion of the quasar-like 
SED as derived bv lMathews & Ferlandl Jl987l) . The HMsO.l 
model, a HM background with reduced intensity for energies 
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Fig. 5. Numbers of the best fitting models for all observed metal 
line systems except the associated systems, "no model" sum- 
merizes the systems for which no model can be derived be- 
cause of the lack of observed ions. The hatched area contains 
systems with unique solutions, while the blank area includes 
ambiguous models as well (see Table The total number of 
systems considered is 22. 

< 1 .0 Ryd, is preferred twice for the systems at z ~ 1 . Note 
that only the system at z = 1.4941 leads to the pure power 
law model with v~ L5 (PL15). As discussed above, the model is 
extremely uncertain, due to few observed transitions. 

One of the basic assumptions of our modelling strategy is 
that each absorber can be considered as single phase medium. 
This is certainly an oversimplification. More realistic models 
for most of the absorpt i on sy stems towards this QSO are pro- 
vided by Sim coe et alJ ( 120061) . The authors take into account 
the multi-phase nature of the absorbers but consider only one 
type of ionizing radiation. However, with our crude models it 
is possible to get information about one single ionization phase 
of the probably multi-phase medium. This is illustrated in par- 
ticular by the system at z = 2.3155 discussed in detail in the 
previous Section (Fig. |3Jl. For two of the four main compo- 
nents we model the low ionization phase where all lines aris- 
ing from ions with low ionization potential are well modelled. 
But it is clear from Fig.[3]that there is an additional high ion- 
ization phase providing O vi absorption which is not included 
in our model. The red components of this system show only 
weak features of low ionization stages and the model describes 
a higher ionization phase. Thus, our models are supposed to be 
appropriate for one single ionization phase even if an improved 
model of the system would require multiple ionization phases. 

The modelled ionization phase is given in the last column 
of Tabled Phases with features of C iv and Si iv as dominating 
lines are referred to as "intermediate" ionization phases. For 
these systems it is possible that part of the absorption possibly 
arise from a low ionization phase while another part may arise 
from a high ionization phase. Therefore, the results for systems 
in an intermediate ionization phase may be biased and have to 
be interpreted carefully. As discussed in the previous Section, 
the absence of features from particular low or high ionization 



stages seems to justify the assumption of an intermediate ion- 
ization phase for most of the systems. However, unusual values 
given in Table^may result from this problem. The low [Si/C] 
for the system at z - 1.8450 is certainly due to multiphase 
absorption. Since the C iv features will arise partly from the 
intermediate but also partly from a high ionization phase, our 
model (based on the intermediate ionization phase) overesti- 
mates the carbon abundance. Thus, we recommend to consider 
the results given in Table ^very carfully. Our method is cer- 
tainly unappropriate to derive unbiased elemental abundances. 
However, investigating the metallicity of the intervening sys- 
tems is not the main purpose of this paper but predicting the 
metal lines in the FUSE spectral range. 

A further bias of the results listed in Table ^ ma y arise 
from unresolved components. An example is the system at 
z = 1.1573 where asymmetries in the Mgn profiles indicate 
two unresolved components. In order to perform the analysis 
we assume one single component even though this is probably 
incorrect. If the blended components had different ionization 
parameters, the resulting models would be biased. Similar as- 
sumptions are made for the systems at z — 0.7222, 2.1680, 
and 2.2896. For other absorption systems (z - 0.8643, 1.7241, 
2.3155, and 2.4404) the metallicity might be underestimated 
since we neglect weak components that show an insufficient 
number of different ions to constrain a reasonable model. 

Taking into account all the sources of errors the numbers 
presented in Table ^ should be considered as preliminary re- 
sults. However, general tendencies should be corr ect as also in- 
dicated by the comparison with the results from lSimcoe et alJ 
(2006). Introducing the shape of the ionizing radiation as an 
additional free parameter may lead to further ambiguities. 
Therefore, our results present only a first attempt to constrain 
the detailed shape of the UV background syste matically (for 
another approach see e.g. lAgafonova et all2005l) . 

The results suggest that a background similar to HM3 dom- 
inates at z > 2, while at z < 2 no predominant shape of the 
ionizing radiation is found (see Table This might indicate 
a major contribution of local sources at lower redshift because 
of less filtering of their radiation by the IGM due to advanced 
structure formation. Unfortunately, the systems at z < 2 are 
mainly observed in the UV spectral range where the data qual- 
ity is insufficient to draw solid conclusions. 

The usually adopted unmodified lHaardt & Madaul J200ll) 
UV background is found only 3 times among the favoured 
models (z = 0.7222, 0.8643, and 2.4405). It would be inter- 
esting to study systematic differences between the systems that 
prefer the HM background and those who do not. But no par- 
ticular characteristics of the HM-favouring systems are found. 
Apparently, no ionization phase is preferred since the three sys- 
tems are modelled in low (z = 0.7222), high (z = 2.4405), 
and intermediate (z = 0.8643) ionization state. The systems are 
complex (0.7222 and 0.8643 which are Lyman limit systems) 
or simple (2.4405), and neither low nor high redshift is pre- 
ferred. However, with three systems favouring the HM model 
the statistics is rather limited. A detailed investigation of the 
properties would require the investigation of additional metal 
line systems. 
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Table 1. Summary of the radiation backgrounds that best model the metal line systems. The more objective procedure of com- 
puting^- 2 -values to estimate the goodness of a fit could be applied to the systems at redshifts z > 1.4941 and z = 0.7222. Also 
given are the derived mean metallicity [M/H] and the abundance of [Si/C] for the modelled ionization phases (last column) as 
well as the ionization parameter log U. 



z 


model 


[M/H] 


[Si/C] 


\ogU 












modelled phase 


0.2140 


HM2 


0.14 


0.17 


-2.97 












low 


0.7222 


HM 


0.13 


0.0 a 


-3.70, 


-3.70, 


-3.73 








low 


0.8643 


HM 


-0.35 


0.0 a 


-2.11, 


-1.77, 


-1.74, 


-2.73, 


-1.55, 


-2.40 


intprmpHi atp 

111 Llrl lllv^UlClLl^ 




HMsO 1 

1 1±V1 J\J ■ 1 


-0.68 


0.0 a 


-1.83, 


-1.42, 


-1.36, 


-2.45, 


-1.15, 


-2.09 


intprmpHi atp 

111 1^-1 111 k_VlllllV_ 




SB 


-0.79 


0.0 a 


-1.96, 


-1.63, 


-1.60 


-2.55, 


-1.44 


-2.24 


intprmpHi atp 


1.1573 


HMsO 1 

1 11V1 JVJ . 1 


-1.09 


0.0 b 


-3.55 












low 


1.4941 


PL15 


-0.97 


o.o b 


-2.25, 


-2.06, 


-2.47 








intprmpHi atp 

111 LL'llllV/UlllLl/ 


1.7241 


HM3 


-2.82 


-0.09 


-0.52 












high 


1.8450 


MF 


-0.48 


-0.68 


-2.12, 


-2.47, 


-2.65 








intprmpHi 3tp e 


2.021 1 






















2.1287 






















2.1680 


HM3 


-3.23 


0.90 


-0.98, 


-0.70 










intprmpHi a tp 

111 l^llll^AHtltV- 




SB 


-2.80 


-0.43 


-1.22, 


-1.25 










intprmpHi atp 


2.1989 






















2.2896 


HM3 


-3.31 


0.89 


-1.46 












intermediate 


2.3079 






















2.3155 


HM3 


-0.55 


0.25,0.78 c 


-2.23, 


-2.14, 


-1.02, 


-1.38 






low, intermediate 13 


2.3799 


HM3 


-1.40 


1.07 


-1.04 












intermediate 


2.4321 


HM3 


-2.33 


0.0 d 


-0.97, 


-1.16, 


-1.36 








intermediate 


2.4331 


HM3 


-1.73 


1.61 


-1.17, 


-1.46, 


-1.39 








intermediate 


2.4386 


MF 


-1.29 


-0.16,0.69 c 


-2.46, 


-2.59, 


-1.71, 


-2.00 






intermediate 


2.4405 


HM 


-0.37 


1.01 


-1.24 












high 


2.4965 


HM3 


-2.15 


0.0 d 


-0.33 












high 


2.5683 


HM2 


-1.71 


1.49 


-1.43, 


-1.18 










high 


2.5785 


HM3 


-2.78 


2.45, 1.20 c 


-0.78, 


-0.99, 


-1.26, 


-1.17 






high 



a silicon outside observed spectral range 

b uncertain detection of Si n or Si iv, respectively 

c several subcomponents (see text) 

d silicon not detected 

e multi-phase system 



A possible modification of the ionizing background would 
have implications for other quantities related to the shape of the 
background radiation like the measurement of the metallicity 
of the IGM. Exact estimates of the metallicity from observa- 
tions are import ant e.g. to constrain the hi story of enrichment 
of the IGM fe.g. lOian & Wasserbur J2 005). A rough compari- 
son of the metallicity as traced by carbon derived for the pre- 
ferred models of each system to the values found using the 
lHaardt & Madaul 12001 ) radiation field, reveals the trend that 
the models based on the softer radiation fields (HM3, HM2, 
HMsO.l, and SB) lead to increased ionization parameters and 
lower metallicity by roughly 0.5 dex in comparison to HM, 
while the harder MF radiation produces slightly lower ion- 
ization parameters and enhanced metallicity by about 0.4 dex. 
This means, a modification of the UV background would affect 
the determination of the metallicity of the IGM in the sense 
that abun dances would decrease if the radiation softens in com- 
parison to lHaardt & Madaul J200lh . or increase with harder ra- 
diation. This is in line when comparing the results from our 



best f it models to the metallicities estimated by ISimcoe et alJ 
(2006). They analyzed 9 of the systems selected by Ovi or 
Nv absorption (Actually, they report on 6 systems but con- 
sider our systems at z = 2.4321, 2.4331, 2.4386, and 2.4405 as 
only one absorpt i on sys tem). Using a composite spectrum of 
Haa rdt & Madaul (120011) and the energy distribution of a star- 
burst, they find on average a mean metallicity roughly 0.4 dex 
higher than derived by our preferred HM3 models. 

We find wide spread values for the silicon enhancement in- 
ferred from our models in the range -0.7 < [Si/C] < 1.6 (sum- 
marized in Table [0. An unrealistically high value is found for 
the blue compo nents of the system a t z = 2.5785. Comparing 
to the results of Si mcoe et alJ ( 120061) we find at least the same 
tendencies, i.e. one silicon deficient system at z — 1.8450 and 
silicon enhancement for all other absorbers. This provides fur- 
ther arguments for HM3 being the preferred model in case of 
the z = 2.1680 system since the SB model reveals Si deficiency. 
As discussed in Sect. 0] [Si/C] depends on the e nrichment his- 
tory, but also on the adopted UV background jAguirre et alJ 
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|2004 . Since ISimcoe et alJ (T2006) inferred a more smooth dis- 
tribution of [Si/C], the differences are most likely caused by 
the adopted ionizing energy distribution. If we only consider 
the HM3/HM2 models, the silicon enhancement is on average 
[Si/C] = 1.18 ± 0.62 (or 1.13 + 0.32, if both the extreme out- 
liers, which are single subcomponents of observed systems, are 
neglecte d). This is s till about 1 dex higher than estimated by 
ISimcoe et alJ d2006l) and illustrates the importance of the as- 
sumed UV background for the det ermination of the metallicity 
of intergalactic absorbers (see alsolA guirre et al.l2004l) . 

6.1. Implications on the He n/H i ratio 

FUSE observations of the Hen Ly or fores t towards HE 2347- 
4342 JKriss et alJkOQll IShull et alJl20()4 Eheng et alJ E>004) 
and HS 1700+6416 jReimers etalJl2004h found that the col- 
umn density ratio r\ = N(Heii)/N(Hi) is apparently fluctuat- 
ing over roughly 2 dex on small scales (~ 1 Mpc). These results 
indicate the importance of local sources on the photoionization 
of the absorbing material. 

The column density ratio r\ depends on the radiation field 
and therefore can be used to diagnose its fluctuations. In pho- 
toionization equilibrium the density of hydrogen and helium is 



«HI = 



(A) 

n e n Hu a Hl 
Thi 



and nnen = 



(A) 

»e»Heiii<% eII 
THell 



(2) 



respectively, with the case A recombination rate coefficients 
c%] = 2.51 • lO^r^Vs- 1 and a*£ n = 1.36 • 
10~ 12 T. ?- 70 cm 3 s _1 . The photoionization rates t are 



<Tui(v)dv, 



(3) 



in case of hydrogen and equivalent in case of He n. vll de- 
notes the ionizing threshold for Hi (1 Ryd) or Hen (4Ryd), 
respectively. The cross section for photoionization decreases 
roughly with v~ 3 above the ionizing threshold, thus it is 
o-(v) = cr° (v/v LL )- 3 , with cr° m = 6.30 • 10~ 18 cm 2 and cr° en = 
1.58 • 10~ 18 c m 2 . Adopting prim ordial helium abundance (Y = 
0.244 + 0.002. iBurles et all2001l) and assuming that the gas is 
almost fully ionized (n Hu n H and «Hein - «He)> the ratio V 
can be written as 



n = 



"Hen 
«Hi 



0.437 • r 



0.055 
4.3 



Thi 

r, 



(4) 



Hen 



The integrals given in Eq. which are still contained in Eq. 
@J can be further approximated since the photoionization rates 
depend mainly on the specific intensity J v near the ionizing 
threshold v LL due to the v~ 3 -dependence of the photoionization 
cross section. The result of this approximation can be found 
e.g. in lFardaletai1 l ll998l) . 

However, we perform a numerical integration to estimate 77 
according to Eq.0]for each of the ionizing spectra used in the 
analysis. Energy distributions depending on redshift (all HM- 
like spectra) are considered at z ~ 2. The HM background 
leads to 77 « 1 50, which is higher than the value usually re- 
ferred to (~ 45. lHaardt & Madad fl996). The reason is the in- 
clusion of radiation of galaxies in the new version of the UV 
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Fig. 6. Value of the column density ration 77 computed accord- 
ing to Eq. |4] versus the position of the break , which occurs 
in case of the classical Haardt & Madau| J200ll) background at 
4 Ryd. The values corresponding to the models HM, HM3, and 
HM2 are marked with circles. 



background radiation, which increases 77 (illustrated in Fig. 8 
of lHaardt & Madaufe oOl). In case of the HM spectrum used 
here, the escape fraction of Lyman limit photons from galaxies 
is 10 %. The spectrum with reduced flux at E < 1 Ryd produces 
the same 77 since the energy range included by the integrals of 
the photoionization rates remain unaffected by the modifica- 
tion. 

The dependence of 77 on the position of the break, which we 
shifted from its actual position at 4 Ryd to 3 (HM3) and 2 Ryd 
(HM2), respectively, is illustrated in Fig. [6] The shape of the 
curve is determined by the integrals of the photoionization rates 
Thi and THen (Eq.[3}- For break positions above 3.4 Ryd the ra- 
tio is dominated by r^n, which gets smaller with decreasing 
break position, i.e. 77 decreases with the maximum at ~ 3.6 Ryd. 
If the position of the break is at energies < 3.4 Ryd, the spectral 
energy distribution is flat at the He 11 ionization edge and the 
integral FHen stays roughly constant. Whereas the photoion- 
ization rate of H 1, and therefore 77, decreases with decreasing 
position of the break. 

The different ionizing spectra we used, lead to very differ- 
ent 77-values, as e xpected. The adopted energy distribution of 
a starburst galaxy jBruzual A. & Charlotl 19931 SB) produces a 
high value 77 =5 700 due to th e lack of helium ion izing photons. 
The AGN-like spectrum of Math ews & Ferland ( 1987, MF) as 
well as the power laws with a = -1.5 (PL15) and -0.5 (PL05), 
respectively, are very hard, and thus lead to low 77-values. While 
PL15 reveals 77 « 15, MF (77 * 10) and PL05 (77 * 5) produce 
even lower values. Within our sample of metal line systems, the 
power laws are practically of no importance. But the MF and 
SB spectra lead each in 1 1 % of the investigated systems to a 
preferred model, even though there are equivalent descriptions 
based on a different energy distribution in case of SB. Thus, 
some of the extremely low and high 77-values fou nd analyz- 
ing the He n observations towards HE 23 47-4342 jRriss et alJ 
200l tlShull et all2004lzheng et all2004l) and HS 1700+6416 
( Rei mers et alJl2004h . might be induced by ionizing radiation 
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flux (preferred model) 

Fig. 8. Comparison of the fluxes predicted by the preferred 
models with those predicted by the HM models. The flux level 
differs in 32 % of the pixels. The root mean square deviation of 
these pixel is 0.056. 



similar to the MF and SB energy distributions used in this anal- 
ysis. 

6.2. Prediction of metal lines in the FUSE spectral 
range 

The primary aim of the presented investigation was to derive a 
prediction of the metal lines arising in the FUSE spectral range. 
The prediction of the metal line spectrum is important for the 
analysis of the He n features since pollution by unrecognized 
metal li nes may lead to biased results conc erning the He n/H i 
ratio T] jReimers et alJl2004t iFechner & Reimersll2004l) . Thus, 
we summarize all line parameters produced by the preferred 
models discussed in Section [5] to compute a prediction for the 
appearance of the metal line spectrum in the FUSE spectral 
range (1000 - 1 180 A). For the 2 systems where we found sev- 
eral equivalent solutions, we adopt the HM or HM3 model, re- 
spectively, which lead to a preferred description of the respec- 
tive systems. The resulting expectation is presented in Fig.0 
Besides metal lines, the prediction also includes higher order 
Lyman series of H i (z = 0.2140) as well as He i features of the 
systems z = 0.8643 and 1.1573. A more cons ervative approach 
would be a prediction derived only using the lHaardT & Madau 
J200ll) UV background. The result would be qualitatively the 
same as shown in Fig.[7]since the prominent features are sim- 
ilar. A comparison between both models is shown in Fig. [8] In 
the FUSE spectral range 32 % of the pixels have different flux 
values if the preferred model or the HM model is considered. 
The average root mean square deviation is 0.056 considering 
only those pixels with different fluxes. 

For the systems only seen in Civ, the A312 features can 
be computed directly from the fitted line parameters. Only the 
system at z = 2.3079 contributes to the absorption in the FUSE 



spectral range and the expected features are weak (to < 0.2). 
Furthermore, they are located at ~ 1033.5 A blended with the 
much stronger Oiv A554 feature (to ~ 151) of the system at 
z = 0.8643. 

Considering the multi-phase nature of several systems dis- 
cussed in Section [5] we certainly have preferred low ionized 
species on average (outstanding examples are the systems at 
z - 1.8450 and 2.3155). The predicted line spectrum con- 
tains more features arising from low ionization stages (pre- 
dominately O n, O in, C n, C m, N h, N m) than higher ionized 
ions like Neiv-Nevi, Ov and Arvn. Of course, this is also 
due to the restwavelengths of the considered ions in combina- 
tion with the redshifts of the absorbing systems, e.g. transitions 
with restwavelengths < 400 A enter the FUSE spectral range 
only for z > 1.5. However, since the derived models often re- 
veal problems to produce significant features of high ionization 
stages in the optical (like O vi), the far-UV prediction proba- 
bly misses highly ionized lines rather than transitions of low 
ionized elements. As discussed in the corresponding Sections, 
there are only two cases, where possible underestimated ab- 
sorption features may bias the He n column density. These are 
Ne vn /1465 of the z = 1.1573 system and Nem of the system 
at z = 2.3155. The absorption lines are expected to arise at 
1003.6 A and 1037.9 A, respectively. Thus, these wavelengths 
should be kept in mind to be possible biased when analyzing 
the He n Lye forest. 

A comparison to the observed FUSE data and the inclusion 
of the predi ction into the analysi s of the He n Lya forest can 
be found in R eimers et alJ J2004I) and will be addressed more 
extensively in a future paper. 

7. Conclusions 

In the spectrum of the QSO HS 1700+6416, we detect 25 
metal line systems. 18 systems show absorption features in 
the present observational data taken with Keck/HIRES and 
HST/STIS, providing a sufficient number of ions in order to 
derive photoionization models. The adopted systems (7 of 
them are optical thin Lyman limit systems) are located at red- 
shifts 0.2 < z < 2.6. For each system we derive 8 sim- 
ple photoionization models based on different radiation back- 
grounds. As shape of the ionizing radiation we adopt the 
lHaardt & Madaul J200ll) intergalactic background radiation and 

3 different modification s of it, as well as the en ergy distribution 
of a starburst gala xy (Bruz ual A. & CharloJ ll993). an AGN 
( Mat hews & Ferlandl 19871) . and two power laws with a — - 1 .5 
and -0.5. Among these models, the best one is chosen by ap- 
plying a^ 2 -test to supplement the visual inspection if possible. 

For 9 systems (50%) the preferred e nergy d istribution 
is a m odification of the UV background of lHaardt & Madau 
(2001), where the break, usually located at 4Ryd, is shifted 
to 3Ryd. Additionally, the HM-like spectrum with the break 
shifted to 2Ryd is found twice. Thus, m ore than 50% of 
the s ystems can be described with modified Haardt & Madau 
(2001) spectra, where the helium break is shifted to ene r gies < 

4 Ryd. For 3 absorbers the unchanged lHaardt & Madaul d200ll) 
radiation is preferred, where one can be equivalently modelled 
on the basis of other ionizing backgrounds. Furthermore, the 
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energ y distributio n of starburst galaxies JBruzual A. & Charloll 
1993) or quasars dMathews & Ferlandl 19871) lead to an appro- 
priate description of the absorbers in 2 cases each. All systems 
modeled with the ionizing radiation of starburst galaxies can be 
described alternatively with a different radiation background as 
well. There is a clear tendency for modified HM shapes prevail- 
ing at higher redshift (z > 2), while at lower redshifts individ- 
ual sources like AGN and starburst galaxies appear to become 
more important. 

These results imply that the assumption of a uniform in- 
tergalacti c ioniza t ion b ackground with a shape according to 
lHaardt & Madaul J200ll) to investigate the metallicity of the 
IGM is at least problematic. A comparison between the derived 
carbon abundance using the preferred radiation field to that de- 
rived from the standard HM energy distribution reveals, that 
assuming the HM background, the metallicity would be over- 
estimated (underestimated), if the real ionizing radiation was 
softer (harder). However, the individual models may improve 
by introducing multi-phase models. In this case the choice of 
a different ionizing spectrum might be compensated by a more 
complicated model with several ionization phases. Thus, our 
results are only preliminary and a future study adopting more 
sophisticated models is required. 



Different shapes of the ionizing radiation for different ab- 
sorbers imply that the Hen/Hi ratio should vary when ob- 
served at distinct locati ons. Assuming a spectrum like that of 
Haardt & Madau (2001) and varying the position of the break, 
which is actually located at 4Ryd, leads to values of Hen/Hi 
in the range of 140 - 210. The maximum is reached when the 
position of the break is ~ 3.6 Ryd. The apparent correlation 
between the strength of the H i absorption and the c olumn den- 
sity ratio T] in the sense tha t 77 is higher in H 1 voids JShull et alJ 
2004{ iReimers et alJl2004l) cannot be addressed here since we 
predominately probe dense gas in the vicinity of galaxies. 

The presented analysis illustrates the potential of using 
metal line absorption systems to trace the shape of the inter- 
galactic UV background using column density ratios. A more 
sophisticated method would require that the ionizing back- 
ground can be derived self-consistently from the observed ab- 
sorption features of a metal line system also taking into ac- 
count the multi-phase nature of most of the complex s y stems . 
A possible ap proach introduced bv lAgafonova et alJ (|2005) 
and applied by Reimers et alJ (12005b. appendix A), which pa- 
rameterizes an initial s hape of the background, e.g. that of 
lHaardt & Madaul (l200ll) . and fits the parameters in the course 
of the analysis using a response function. 
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Regarding the multitude of ions of elements like sulphur, 
oxygen, or neon with observable transitions in the spectral 
range covered by the STIS data, we emphasize the potential 
of high quality UV spectra, which would make it possible to 
obtain further constraints on the models. High resolution, high 
signal-to-noise UV data of quasars with numerous metal line 
systems in the optical would probably reveal many intrinsic 
EUV transitions as well, as the example of HS 1700+6416 
shows. Ratios of different ions from one element, for exam- 
ple S II - S vi, would make the investigation more independent 
of the metallicity and possible deviations from the solar abun- 
dance pattern, which would help to estimate the shape of the 
ionizing background at the location of the absorber. 

The derived photoionization models are used to compute 
the expected appearance of the metal line spectrum (as well 
as contribution of low redshift H i absorption of higher order 
Lyman series and He i) in the spectral range covered by FUSE 
(1000- 1 180 A). In a future study, the predicted lines will be in- 
cluded in the analysis of the He n Lya forest to avoid pollution 
of the He n/H i ratio by unrecognized metal line absorption. 
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Table 2. Measured column densities for the metal absorption systems at z < 2.0. Value marked with a colon (:) are derived 
from the STIS data and suffer from large uncertainties. If no value is given, the corresponding feature is not present or severely 
blended, and no upper limit can be estimated. 
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a The total H i measured from the Lyman break bv lVoeel & Reimersl Jl99l is log Mxs = 16.20. The given distribution follows magnesium 
(Mg i and Mg n) . 

The total H i measured from the Lyman break bv lVoeel & Reimersl il995T) is log^LLs = 16.35. The given distribution follows Mgn. 
The Hi feature is located outside the considered spectral portion. The column density is therefore adopted from Vosel & Reimers 1 1995). 
d The Hi feature is located outside the used spectral portion. Therefore, the column density is adopted from Voeel & Reimers 1 1995), who 

find log./V(Hl) = 15.60. It is distributed to the subsyst ems accord ing to Civ. 
c The H i column density is adopted from Vogel & Reimers 1 1995). 

f The total H i fitted to the Lyman series is log Mis = 16.21 ±0.11. The given distributions follows silicon (Sin, Sim, and Siiv). The column 
density of Mgn is adopted from lTripp e t al. 1 1997). 
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a The total column density of hydrogen log Wlls = 16.85 is adopted from lVogel & Reimerj ll995t) and distributed to the subsystems accord- 
ing to C iv. 

b The total Hi fitted to the Lyman series is logA'LLS = 16.56 ± 1.06. The given distribution follows the portions of carbon (Cn, Cm, and 

C iv). Aim arises outside the observed spectral portion, the corresponding values are taken from lTripp et aljfl997l) . 
c For these systems no models are derived due to the lack of detected transitions. 
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Table 4. The same as Table[2]but for the metal absorption systems at 2.4 < z < 2.5. 
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< 11.29 


< 11.29 


< 11.29 


< 11.29 


< 11.30 


< 11.30 




< 11.41 


Sim 




12.69 ± 0.26 


12.30+1.11 




< 10.68 


< 10.70 






Si iv 










< 11.12 


11.59 + 0.09 




< 11.10 


Svi 
















< 12.60 


Fen 


< 12.10 


< 12.11 


< 12.11 


< 12.03 


< 12.04 


< 12.05 




< 12.01 



a The total hydrogen column density measured for the Lyman series is logA'(Hl) = 15.530 ± 0.029. The values for the subsystems are 

distributed according to carbon (C in and C iv). 
b The total hydrogen column density measured for the Lyman series is log N(H i) = 16.84+0.35. The values for the subsystems are distributed 

according to silicon (Sin, Sim, and Siiv). 
c The total hydrogen column density measured for the Lyman series is logiV(Hl) = 15.783 ± 0.066. The values for the subsystems are 

distributed according to silicon (Si m and Si iv). 
d The component at -71.1 km s~' may also be considered as a distinct system at z = 2.4397. 
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Table 5. The same as Table|3]but for metal absorption systems at z > 2.5. 
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log iVjoi, 


Z.jOoJ 


Z. jOoJ 


Z.J /OJ 


Z.J /OJ 


Z.J /OJ 


Z.j /OJ 




U.U Km s 


io. y Km s 


— JU. / Km s 


— io. j Km s 


lo.j Km s 


4U.Z Km s 


Hi 


14.28 


14.09 


15.04 


15.39 


14.93 


15.58 


Cii 


< 11.63 


< 11.63 


< 11.68 


< 11.68 


< 11.67 


< 11.68 


Cm 


12.82 ±0.11 


12.45 ± 0.26 


12.54 ±0.10 


12.18 ±0.17 


12.77 ± 9.59 


13.30 ± 0.02 


Civ 


12.54 ±0.13 


12.53 ±0.15 


12.68 ± 0.06 


13.23 ±0.01 


12.06 ±0.16 


13.05 ± 0.02 


Nil 


< 12.10 


< 12.08 










Nm 






13.35 : 




12.97 : 




Nv 


< 11.59 


< 11.59 


< 11.86 


< 11.86 


< 11.86 


< 11.86 


Om 






13.76 : 


14.43 : 




13.94 : 


Ovi 


13.27 ± 0.14 






14.18 ± 0.01 




12.88 ± 0.08 


Alii 


< 10.67 


< 10.67 


< 10.96 


< 10.96 


< 10.94 


< 10.94 


Sin 


< 11.51 


< 11.51 


< 11.57 


< 11.57 


< 11.57 


< 11.57 


Sim 


11.654 ±0.033 




11.63 ±0.05 


11.90 ±0.02 


< 10.65 


11.76 ±0.02 


Si iv 


11.28 ±0.11 


< 11.11 


11.63 ± 0.13 


< 11.20 


< 11.20 


11.69 ±0.05 


Fen 


< 11.80 


< 11.80 


< 11.78 


< 11.78 


< 11.78 




lOg yVion 


Z. I 1Z4 


J 1 1 JA 

L.I VIA 


Z. / LZh 


Z. 1 1 04 


T Tt flA 

Z. i 104 


Z. 1 104 




— jo. j Km s 


U.U Km s 


nn c i, ™ „— I 
/ / . J Km S 


— o / .u Km s 


u.u Km s 


VU.o Km s 


Hi 


11.915 ±0.034 


13.385 ±0.003 


13.231 ±0.004 


12.597 ±0.016 


12.627 ±0.022 


13.002 ±0.045 


Cii 


< 11.99 


< 11.99 


< 11.99 


< 11.73 


< 11.75 


< 11.75 


Cm 


< 11.57 








< 11.60 




Civ 


12.513 ±0.100 


13.256 ±0.017 


12.414 ±0.082 


< 11.32 


12.069 ±0.148 


< 11.31 


Nil 


< 12.00 


< 12.00 


< 12.00 




< 12.50 


< 12.48 


Nm 


< 12.30 


< 12.28 


< 12.26 




< 12.27 


< 12.27 


Nv 


12.927 ±0.218 


13.584 ±0.053 


12.379 ±0.044 


12.289 ±0.035 


13.178 ±0.007 


< 11.49 


Ovi 








13.659 ± 0.009 


14.227 ± 0.007 


13.517 ± 0.013 


Nevi 


13.95 : 


14.35 : 


14.51 : 








Sill 


< 10.74 


< 10.73 


< 10.72 


< 11.70 


< 11.72 


< 11.78 


Sim 


< 10.50 


< 10.46 


< 10.47 








Si iv 


< 11.00 


< 11.00 


< 11.00 


< 11.00 


< 11.01 


< 11.01 


Svi 


< 12.14 


12.211 ±0.088 


< 12.18 


< 12.10 


< 12.41 


< 12.43 


Fen 


< 12.19 


< 12.18 


< 12.20 


< 12.41 


< 12.41 


< 12.43 



a The total hydrogen column density estimated by fitting simultaneously hya and Ly/J is logA'(Hl) = 14.50 ± 0.01. The values for the 

subcomponents are distributed according to carbon (C m and C iv). 
b The total hydrogen column density estimated by fitting the Lyman series is log N(H i) = 15.549 ± 0.022 at v ~ -50 km s~' and log N(H i) = 

15.663 ± 0.037 at v w 25 km s~' . The values for the subcomponents are distributed according to carbon (C m and C iv). 
c System appears to be associated to the QSO and is not modelled. 
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Fig. A.l. Observed and modelled absorption lines of the system at z — 0.2140. The preferred model is HM2. 
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Fig. A.2. Observed and modelled absorption lines of the system at z — 0.7222. The preferred model is HM. 
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Fig. A.3. Observed and modelled absorption lines of the system at z — 0.8643. The preferred models are HM, HMsO.l, and SB. 
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Fig. A.4. Observed and modelled absorption lines of the system at z — 1.1573. The preferred model is HMsO.l. 
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;. A.5. Observed and modelled absorption lines of the system at z — 1.4941. The preferred model is PL15. 
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Fig. A.6. Observed and modelled absorption lines of the system at z = 1.7241. The preferred model is HM3. 
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Fig. 



;. A.7. Observed and modelled absorption lines of the system at z — 1.8450. The preferred model is MF. 
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Fig. A.8. Observed and modelled absorption lines of the system at z = 2.1680. The preferred models are HM3 and SB. 
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Fig. 



;. A.9. Observed and modelled absorption lines of the system at z — 2.2895. The preferred model is HM3. 
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Fig. A.10. Observed and modelled absorption lines of the system at z = 2.3799. The preferred model is HM3. 



C. Fechner et al.: The UV spectrum of HS 1700+6416 



37 



0.5 


1 

0.5 


1 

0.5 


1 




1 

0.5 

1 

0.9 



1 1 1 1 1 
- Keck 

:hi Lyafc 




1 1 1 1 1 




T | 1 1 1 rtT=r 

- Keck 

IHI Ly/S \ 




llll| 




T | 1 1 1 1 | rT 

- Keck 

: HI Lyy \^ 




TTT-lt 




H++++++H 

- Kech 

I HI Ly<5 TjV 




Tl l l| 


V) i i i n 


t 1 i i i i 1 i n 

- FUSE 

- V\\X • 

r 

ZHell LycTto_j 


■f-H 




:l/f : 


t I i i i i | Tr 

: Keck 




llll| 


tttTT ml 


"CII 1335 

i 1 i i i i 1 , , 


1 1 








0.5 


1 

0.8 
0.6 

1 

0.8 
0.6 

1 

0.8 
0.6 

1 

0.8 
0.6 

1 

0.8 
0.6 



J M m l| M 
- Keck 


1 1 


Mll| 




gg— p M[v 

ICIII 977 


i Pri^lVhf: 


T | 1 1 1 1 | 1 1 
- Keck 






- 


L CIV 1551 

"I | 1 1 1 1 | 1 1 


i rrf | i i i ~ 


- Keck 






- 


L CIV 1548 




"I | 1 1 1 1 | 1 1 
- Keck 


M | 1 II l| 


1 1 1 1 1 1 1 r 
- 


=^11 1084 


1 1 


1 1 1 1 1 




1 | 1 1 1 1 | 1 1 ■ 
- Keck 


1 1 1 1 


1 1 1 1 1 1 1 r 

1 




f 

L NV 1243 








"I | 1 1 1 1 | 1 1 


M | 1 1 1 l| 


i n 1 1 1 1 r 


^Kjpk^lU'W^ 

L 0VI 1032 

"i 


1 1 








0.9 
1 

0.9 
1 

0.5 


1 

0.8 



JI M 
- Keck 

; — - 


1 1 1 




I A1II 1671 




, , , M 


V 


1 1 1 1 1 1 1 1 1 

: Keck 


1 1 | 1 1 1 1 | 





I Sill 1527 


1 1 


i i i M 


i i i t \ i i r 


1 | 1 1 1 1 | 1 1 
- Keck 


1 1 1 


■ 


^ 

ZSilll 1207 






t | 1 1 1 1 | 1 1 
- Keck 


MINI 


i i i i | i i r 


L SiIV 1394 

"i 


i i 








-100 -50 



50 
(km/s) 



100 



HM 

HM3 

HM2 

HMsO.l 

SB 

MF 

PL15 

PL05 



-100 -50 50 

v (km/s) 



100 



-100 -50 50 100 

v (km/s) 



Fig. A.ll. Observed and modelled absorption lines of the system at z — 2.4321. The preferred model is HM3. 
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Fig. A.12. Observed and modelled absorption lines of the system at z = 2.4331. The preferred model is HM3. 
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Fig. A.13. Observed and modelled absorption lines of the system at z = 2.4386. The preferred model is MF. 
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Fig. A. 14. Observed and modelled absorption lines of the system at z = 2.4405. The preferred models are HM and SB. 
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Fig. A.15. Observed and modelled absorption lines of the system at z — 2.4965. The preferred model is HM3. 
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Fig. A.16. Observed and modelled absorption lines of the system at z = 2.5683. The preferred model is HM2. 
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Fig. A.17. Observed and modelled absorption lines of the system at z = 2.5785. The preferred model is HM3. The blue component 
of the He n profile is affected by the FUSE detector gap and therefore not observed. 



